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Preface 


This,  the  14th  Annual  Battery  Workshop,  was  attended  by 
manufacturers,  users,  and  government  representatives  interested 
in  the  latest  results  of  testing,  analysis,  and  development  of 
lithium,  nickel-cadmium,  and  nickel-hydrogen  batteries.  The 
purpose  of  the  Workshop  was  to  share  flight  and  test  experience, 
to  stimulate  discussion  on  problem  areas,  and  to  review  latest 
technology  improvements. 

The  papers  presented  were  derived  from  transcripts  taken 
at  the  Workshop  held  at  the  Goddard  Space  Flight  Center  on 
November  17  to  19,  1981.  The  transcripts  were  lightly  edited 
by  the  speakers  with  their  vugraphs  assembled  at  the  end  of 
each  presentation  for  uniformity. 
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INTRODUCTION 


G.  Halpert 

Goddard  Space  Flight  Center 


Welcome  to  Goddard  Space  Flight  Center  and  the  1981  NASA/GSFC 
Battery  Workshop.  We  are  pleased  that  Goddard  management  has 
continued  to  support  this  activity  through  the  last  thirteen 
years.  We  appreciate  the  NASA  Headquarters  support  we  have  had. 

Each  year  as  we  review  the  accomplishments  that  have  been 
made,  it  is  clear  that  we  continue  to  improve  the  technology  and 
continue  to  gain  further  experience  and  have  taken  steps  to  better 
understand  and  improve  the  reliability  of  secondary  systems  used 
in  space.  However,  the  more  we  advance,  the  more  we  realize  that 
there  is  shill  much  to  be  learned.  Furthermore,  the  interest  in 
these  systems  continues  to  be  high. 

We  anticipate  that  this  will  be  another  informative  workshop. 
We  hope  that  you  will  participate  by  asking  questions  and  by 
offering  stimulating  comments. 

For  your  information,  we  have  included  a list  of  the  acquisi- 
tion numbers  for  all  workshop  proceedings  dating  back  to  1970. 
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□VERVIEV^  OF  NASA  PROGRAMS 

The  NASA/OAST  Energy  Storace  Program 
J.  Ambrus 
NASA  Headquarters 

AMBRUS*  Good  morning.  I em  very  pleased  to 
be  here  again  as  part  of  this  eagerly  awaited  annual  event, 
the  battery  /workshop,  where  I meet  old  friends  and  make  new 
ones  every  year. 

This  event  has  become  more  and  more  important  as 
the  years  went  by,  not  Just  to  me  but,  judging  from  the 
the  size  of  the  audience,  to  just  about  everybody  else  in 
the  community.  I'm  really  very  pleased  to  be  part  of  it 
and  now  part  of  the  NASA  team  that  organizes  it. 

I am  often  asked  by  my  colleagues  what  it  is  that 
we  do  here  every  year,  how  can  we  go  on  year  after  year 
hayino  a battery  workshop  and  talkino  about  batteries,  of 
all  things,  for  three  whole  days,  eno  anyway,  batteries 
still  oon't  work.  And  to  top  it  off,  we  have  been  hoping 
that  by  now  some  new  energy  source  would  come  along  that 
works  much  better  than  batteries. 

iNell,  to  this  I usually  reply  that  what  we  do  here 
is  talk  to  each  other  without  having  to  figure  out  cute 
answers  to  the  other  questions,  and  anyway,  batteries  work  a 
great  deal  better  than  they  used  to.  And  no  other  practical 
energy  storage  device  has  come  along  that  is  as  good  as 
batteries  to  this  day.  So  there  are  going  to  be  many  years 
when  we  are  still  going  to  be  talking  to  each  other. 

This  particular  program,  the  three-day  program, 
has  oot  many  interesting  aspects.  One  very  interesting 
one,  and  to  me  a oarticularly  gratifying  one,  is  that  I 
perceive  a subtle  change  in  the  approach  to  the  technology 
improvement.  /Jhen  you  look  at  the  list  of  sneakers  and  the 
topics,  I am  finding  that  the  researcher  and  the 
applications  technologist  who,  when  1 first  started  out  in 
this  field,  sort  of  suspiciously  eyed  each  other  when  thev 
passed  in  the  hall,  are  actually  sitting  down  in  the  same 
auditorium  together.  They  are  also  talking  to  each  other, 
and,  God  forbid,  maybe  one  day  they're  going  to  learn  from 
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each  other.  So  with  that  I would  like  to  add  my  little  part 
to  this. 


This  conference  is  always  about  the  latest 
happenings  in  applications  technology,  and  I am  here  to 
learn,  and  I-'m  also  trying  to  tell  you  about  what  we  do  at 
NASA  Headquarters  in  the  Research  and  Technology  Department 
to  underpin  this  kind  of  activity  in  research  and  technology 
improvement. 

(Figure  1-1  ) 

First  of  all,  what  is  the  mission  of  tne  NASA 
Research  and  Technology  Program?  Well,  to  provide  the 
technology  base  that  will  adequately  support,  enhance  and 
enable  current  and  future  activities  in  the  exploitation  of 
space.  This  of  course  is  the  mission  of  the  Space 
Research  and  Technology  Program,  part  of  which  is  the  Space 
Power  Research  and  Technology  Prograrii  which  I am  part  of 
here . 

(Slide.) 

Now  what  are  these  missions  that  they  support? 

This  is  an  artist-'s  conception  of  some  future  mission, 
and,  whatever  it  is,  we  know  that  it's  going  to  be  Dig,  it's 
going  to  require  a lot  of  power,  and  it's  also  going  to  be 
shutt le-launcheo.  So  these  are  the  kind  of  restraints  that 
are  upon  us  and  with  which  we  are  working  to  get  the 
technology  to. 

(Figure  1-2) 

In  summary,  we  know  that  the  major  technology 
drivers  are  going  to  be  advanced  planetary  spacecraft, 
advanced  spacecraft  in  geostationary  orbit,  and  large  space 
systems  in  low  earth  orbit.  We  are  addressing  all  three  of 
these  in  our  basic  research  program. 

Of  course  at  the  heart  of  each  one  of  these  is  the 
power  system. 

So  what  is  it  that  we're  working  for?  Well,  high 
capacity,  of  course*  we're  going  to  need  more  and  more 
power.  High  energy  density*  we're  going  to  have  to  package 
it  into  less  and  less.  Ano  of  course  we're  going  to  be 


2 


looking  for  long  life»  both  cycle  life  and  storage  life. 

(Figure  1-3) 

Now  I'^m  sure  that  you  are  interested  in  what  it  is 
we  are  looking  at  on  the  whole  in  space  power,  rte  are 
looking  at  the  power  sub-system. 

Photovoltaics  is  still  the  primary  power  source  in 
soace  today,  and  we  still  primarily  store  the  energy  in 
batteries,  in  secondary  batteries,  and  sometimes  we  carry 
energy  in  chemical  form  to  be  converted  as  a one-time 
application  to  electrical  energy  in  primary  batteries. 

Thermal-to-electric  energy  conversion  is 
particularly  important  in  planetary  exploration.  Ihe  heat 
source  is  usually  a radioisotope  or  possibly  a reactor,  and 
thereby  you  can  have  missions  where  you  are  independent  of 
the  sun. 


And  of  course  power  system  management  and 
distribution.  This  is  a new  one  for  us.  kNe  have  found  that 
as  the  large  power  systems  come  about,  it  is  not  random  any 
more,  how  we  put  tooether  eight  cells.  I mean  it's  ngt 
going  to  be  eight  cells  or  20  cells  any  more;  it's  going  to 
be  many,  many,  many  ceils,  and  large  cells. 

So  now  it  really  matters  ahead  of  time  to  know  how 
you're  going  to  manege  and  distributt  the  power. 

Iwenty-eight  volts  are  just  not  goinc  to  hack  it  any  more. 

Ae  are  going  to  have  to  go  to  high  vcltage  systems,  rte  are 
going  to  have  switches,  transistors.  Ne  are  going  to  see 
how  we  have  got  to  manage  the  heat  distribution  of  the 
batteries.  So  this  is  an  important  part  of  the  entire  power 
system. 

And  then  there  is  what  we  call  "advanced 
energetics^'  which  seeks  to  explore  the  evolution  of  new 
concepts.  In  the  back  of  our  minds  ve  are  still  looking  for 
the  perfect  energy  storage  system  that  is  not  a battery. 

(Figure  1-4) 

Now  I'm  sure  that  you're  interested  in  how  the 
money  is  distributed.  Here  is  our  Space  Power  Research  and 
Technology  Program  fund  distribution  by  what  we  call  Specific 
Objectives  in  '81  and  '82. 
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You  can  see  photovoltaics  is  a large  part.  So  is 
chemical  energy  conversion  and  storage*  power  system 
management  and  distribution.  Therrnal-to-electric  conversion 
is  still  a little  bit,  because,  after  ail,  it  only  applies 
right  now  to  one  kino  of  mission,  which  is  the  planetary 
mission. 


In  advanced  energetics  we^re  looking  for  new  ideas 
of  power  conversion.  It's  a reasonable  part. 

When  you  look  from  to  '82  there's  a small 
increase  in  chemical  energy  conversion  and  storage,  and  a 
decrease  in  .photovoltaics  and  an  increase  in  power  systems 
management  and  distribution,  which  means  that  this  is 
becoming  more  and  more  important  as  lime  goes  by. 

(Figure  1-5) 

When  we  now  look, at  just  chemical  energv 
conversion  and  storaoe,  how  are  we  distributing  the  funds  ov 
task  area? 


Fuel  cell/water  electrolysis  is  nearly  half  of  it, 
and  there  is  a little  bit  that  can  be  identified  as  just 
primary  fuel  cell  work,  but  really  this  whole  chunk  is 
primarily  fuel  ceil  work.  Maybe  it  should  be  more. 

Nickel-hydrogen,  which  is  the  new  energy  storage 
device,  is  taking  up  13  percent.  New,  aovanced  high  energy 
Density  is  ,11  percent,  and  this  is  the  new  high  energy 
density  secondary  batteries.  Then  fundamental" 
investigations,  which  are  really  very  basic  investigations. 
And,  of  course,  we  have  new  high  energy  Density  primary 
battery  work,  too. 

by  Center,  Lewis  Research  Center  is  the  largest 
center  that  does  electrochemical  research  and  technology; 

JPL  and,  of  course,  the  Johnson  Space  Center,  which  has  the 
responsibility  for  fuel  cell/eiectrolysis. 

(Figure  1-6) 

We  manage  by  setting  certain  goals,  and  those  of 
you  who  work  at  NASA  Centers  know  these  as  paso  targets.  We 
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set  certain  targets  up  for  the  different  centers  to  worlc 
toward. 


For  instance,  you  can  see  that  the  Lewis  Research 
Center  now  is  responsible  for  the  ni ckel -hydrogen  component 
selection  by  the  end  of  '83.  And  a luel  cell/electrolysis 
breadboard  will  be  delivered  to  Johnson  Space  Center  at  the 
eno  of  '82,  and  so  on  and  so  forth. 

Now  let  me  start  describing  to  you  the  program  in 
detail.  I'm  not  going  to  talk  very  much,  primarily  because 
1 don't  know  all  that  much  about  the  details,  and  there  are 
many  experts  in  the  audience  here  who  work  in  these 
programs,  and  I'm  going  to  try  to  introduce  them  to  you  as  1 
go  through  the  program. 

(Slide. ) 

Primary  fuel  cells.  Well,  I figured  I would  show 
you  what  a shuttle  fuel  cell  looks  like.  This  is  one  of  the 
three.  This  isn't  the  one  that  failed.  And  wnat  we  are 
ooing  is  primarily  oone  in  the  Lewis  riesearch  Center,  and 
this  is  component  technology. 

(Slioe. ) 

We  are  working  on  advancea  components.  For 
instance  this  particular  fuel  cell  has  got  an  advanced 
calcium-leached  asbestos  matrix,  and  a new  polysulfone 
frame  which  will  reouce  its  weight  consioerably  in  future 
fuel  cells.  So  this  ,is  the  kind  of  thing  that  we  are  doing 
in  our  Primary  Fuel  Cell  Program. 

Now  the  fuel  ceil  is  consioered  to  be  a reasonably 
mature  technology,  and  we've  been  using  them  successfully  in 
just  about  all  the  manned  space  flights  by  now,  and  will 
continue  to  use  them.  The  idea. has  come  up  that  why  doh't 
we  use  fuel  cells  in  conjunction  with  water  electrolysis  as 
an  energy  storage  device  for  large,  luture  space  systems  in 
low-earth  orbit. 

(Figure  1-7) 

Thus,  this  program  was  born. 

Now  I'd  like  to  point  out  the  following  things* 
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we  are  only  thinking  at  this  point  in  time  about 
hydrogen-oxygen  fuel  cells*  There  are  two  kinds  that  we  are 
working  on.  One  is  the  alkaline  fuel  cell  that  is  right  now 
flying  in  the  Shuttle.  The  other  ont  is  the  acio  or  solid 
polymer  electrolyte  fuel  cell  which  is  being  brought  along 
at  the  same  time  on  a development  basis. 

both  systems  have  agreed  that  the  fuel  cell  and 
the  electrolysis  cell  , should  be  dedicated  systems;  that  is, 
it  is  not  cost-effective  or  system-effective  to  make  one 
cell  that  switches  back  and  forth  from  fuel  cell  to 
electrolysis.  It^s  better  to  have  dedicated  systems. 

It  is  an  awfully  good  concept  in  the  way  that  you 
can  integrate  it  into  the  spacecraft.  Vou  can  integrate  it 
into  a large  space  platform.  There^’s  hydrogen  and  oxygen* 
you  cap  use  it  in  the  fuel  system,  you  can  integrate  it  into 
the  life  support  system;  so  it  is  overall  a very  gooo  idea. 

It  is  also  very  competitive  with  nickel-hydrogen 
as  far  as  energy  density  is  concernec.  As  a matter  of  fact, 
we  had  several  studies  done  and,  oepenoing  on  who  aoes  the 
stucy,  the  fuel  cell  electrolysis  ana  the  nickel-hydrogen  in 
large,  25  to  100  kilowatt  applications,  come  out  neck  and 
neck.  Sometimes  one  is-a  little  bit  ahead  and  sometimes  the 
other  one  is. 

So  we  deciaea  to  oevelop  bcth  and  then,  let's  See 
what  happens. 

The  development  work  has  been  going  on  mainly  on 
the  electrolysis  side  and  on  the  systems  side.  We  are  using 
the  mature  technologies,  the  shuttle  technology,  on  the  fuel 
cell  side.  Most  of  the  work,  the  improvement  work  has  been 
done  on  the  electrolysis  side  (both  alkaline  and  SPH). 

I took  these  two  charts  out  from  two  entirely 
different  reports.  And  they  show  ne«rly  the  same 
performance.  So  right  now,  again  depending  on  who  vou  talk 
to,  one  or  the  other  comes  out  ahead  by  about  10  percent. 

Let  me  tell  you  that  the  plans  are  to  have  the 
acid,  the  SPE  fuel  cell  that's  being  developed  by  GE  up  in 
Wilmington,  the  breadboard  delivered  to  JSC  by  the  end  of 
this  fiscal  year,  and  testing  is  going  to  start.  The 
alkaline  breadboard  is  supposed  to  be  delivered  at  the  end 
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of  '63.  And  of  course  the  testlna  is  going  to  show  which 
one  is  preferable.  Chances  are  that  both  are  going  to  be 
very  goodf  and  that  they  are  both  going  to  hPve  given 
aopiications . 

(Figure  1 -B) 

Now  the  next  large  area  that  we're  working  on  is, 
of  course,  nickel-hydrogen.  Now  you  have  all  seen  this 
before.  Ihis  is  state  of  the  art,  a 25  ampere-hour 
nickel-hydrogen  cell  that  has  been  developed  by  COMSAT,  by 
the  Air  Force,  by  Hughes.  Ae  are  looking  for  high  capacity 
in  low-earth  orbit,  which  means  that  we  have  got  to  have  many, 
many  cycles  at  deep  depths  of  discharge. 

' are  working  against  a plan.  We  have  put 

together  a five-ye£^r  plan  with  Lewis  Research  Center 
leadership,  and  we  have  involved  all  of  tiie  Centers  end  the 
Air  rorce.  The  Lewis  Research  Center  has  the  leadership  but 
it's  c collaborative  program  with  ail  the  Centers  and  the 
Air  Force. 

Ae  have  so  little  money  we  have  cot  to  use  every 

cent . 

h'e  are  trying  coordination  with  the  user  Centers 
ana  if  you  are  from  a user  Center  end  you  are  not  being 
coordinated  with,  please  squawk. 

The  technology  program  is  aimed  at  improved 
components  and  improved  cells. 

This  is  what  we  ere  after.  Ne  are  trying  to 
couble  the  energy  density  of  the  nickel-cadmium.  The 
prototype  high  capacity  cells  are  supposed  to  be  ready  by 
'32,  and  let  me  tell  you,  they  ore  not  necessarily  going  to 
look  like  this. 

(Slioe.) 

The  Lewis  Research  Center  is  working  on  some 
advanced  designs,  bipolar  designs,  that  may  look  something 
like  this.  Some  of  you  may  be  familiar  with  this  idea 
already. 

In  geostationary  orbit  we  ere  going  to  need 
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very  high  energy  densities.  This  is  what  is  right  now 
in  geostationary  orbit,  and  this  is  what  we  are  looking 
for.  This  is  not  necessarily  going  to  be  lithium  but  it^s 
going  to  be  some  advanced  system  that  has  got  very  high 
energy  density. 

(Figure  1-9) 

Our  high  energy  density  program  consists  of  two 
parts,  the  ambient  temperature  lithium  systems  which  is 
being  performed  at  JPL,  ana  the  sooium  anoae/moiten 
sait/beta  alumina  systems  which  is  performed  by  the  Lewis 
Hesearbh  Center  at  HlC. 

The  ambient  temperature  lithium  system.  The 
emphasis  right  now  is  on  the  material  performance  ana 
degradation  mechanisms,  rte're  iookino'  for  a 200-watt  per 
kilogram  prototype  for  a five-year  geosynchronous  orbit  by 
the  end  of  'b7,  and  in  the  meantime  ve-'re  looking  at  the 
basic  understanding  of  oerformance  characteristics  and 
faiJure  mechanisms  by  the  ena  of  'Bb. 

Pm  not  going  to  tell  you  more  aoout  this.  It's  a 
very  successful  program  ana  Dr.  Somoeno,  who  is  goino  to  be 
a session  chairman  here,  can  tell  you  more  about  it  because 
he's  the  leader  of  that  particular  task* 

The  sodium  anode/molten  salt/beta  aluminum 
systems,  where  the  emphasis  is  on  lov  temperature  molten 
salts  (about  165  decrees)  and  high  capacity  cathode 
materials.  1 understand  that  the  best  one  found  to  aate  is 
nickel  sulfide.  It's  sort  of  fortuitous,  because  they  were 
looking  at  niobium  sulfides  and  such  thinas,  and  they  found 
cut  it  was  the  nickel  screen  that  actually  gave  the  best 
performance.  So  it's  nickel  sulfiae  now.  And  they  ere 
going  to  start  making  prototype  cells  during  this  year,  1 
understand. 


(Figure  1-lU) 

NASA  always  had  a certain  amount  of  use  for 
primary  batteries  ana  of  course  the  primary  battery  usea  by 
NASA  until  now  has  been  the  silver-zinc  battery.  t*Je  are 
looking  for  high  rates. 

Now  we  have  a program  in  place  at  JPL  which  looks 
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at  primary  lithium  batteries.  The  emphasis  is  on  safety  and 
life.  ' The  goal  is  to  demonstrate  a safe,  high  energy 
density,  long-life  prototype  cell  by  the  eno  of  ■'85. 

rte  are  approaching  this  a little  bit  differently 
now.  Ihere's  enough  practical  experience  in  the  community 
so  that  we  can  go  back  and  develop  a prototype  cell,  but 
first  understand  what's  going  on  in  it. 

Again  I'm  not  going  to  give  you  any  details  of 
this  program  because  Harvey  Frank  from  JPL  is  the  leader  of 
that  task  and  he  is  also  sitting  in  the  audience,  and  I'm 
certainly  not  qualified  to  take  his  place.  If  there  are  any 
ouestions  you  have,  please  direct  them  to  him. 

Now  all  this  sounds  pretty  research  and 
technol ogy-ish,  and  it  is.  There  is  also  something  that  is 
‘ust  unabashedly  basic  research,  and  we  call  that 
fundamentals,  and  it  helps  along  in  miost  of  the  programs. 

(Figure  1-11) 

/le  want  to  understand  basic  mechanisms,  and  we 
want  to  understand  the  basic  mechanism  even  in  the 
nickel-cadmium  system  in  which  nobody  understands  the  basic 
mechanisms  yet,  even  though  the  battery  works  very  well. 

Irwin  Schulman,  who  is  the  leader  of  the  task  of 
the  nickel-cadmium  failure  model,  is  also  in  the  audience? 
so  I'm  not  going  to  elaborate  on  the  failure  model  which  is 
a very  good  one  and  which  is  now  in  the  process  of  being 
validated  successfully. 

There  is  also  some  basic,  supportive  work  going  on 
at  the  Lewis  IJesearch  Center  such  as  electrolyte  volume 
management  in  metal-gas  batteries  anc  in  fuel  cells,  and  a 
very  interesting  interactive  graphics  program  in  synthetic 
batteries  which  really  graphically  tells  you  when  you  do  not 
balance  cells  in  a battery  what  can  happen  just  after  a very 
few  cycles.  Larry  Thaller  gave  a paper  on  that  in  Atlanta. 
I'm  sure  that  you  can  get  a reprint  of  that. 

Well,  this  is  the  extent  of  the  NASA  Office  of 
Aeronautics  and  Space  Technology,  Battery  Research  and 
Technology  Program.  Now  I am  going  to  learn  in  the  next 
three  days  how  to  change  it. 
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Thank  you  very  much 


DISCUSSION 

BI HUMAN  (Honeywell)*  You  showed  your  pie  charts 
there  with  the  various  percentages  oi  where  you're  spending 
your  funds.  Would  you  care  to  comment  on  the  overall  budaet 
dollars  themselves? 

AMBRUS*  Yes.  The  overall  budget  for  fiscal  '82 
is  about  $15  million.  15.5.  Of  that,  chemical  energy 
conversion  and  storage  is  3.7~some.  I don't  remember  the 
'81  figure  ekactly  but  it  comes  out  ebout  the  same.  Up 
until  a couple  of  months  ago  it  was  much  larger. 

SENSE  (Rockwell)*  The  overall  system  analysis  for 
the  fuel  cell  system  shows  that  its  efficiency  is  ouite  a 
bit  less  than  that  of,  say,  a nickel-hydrogen  system,  and 
I'm  just  wondering*  I'd  like  to  have  your  comments  as  to 
the  justification  for  the  use  of  a fuel  cell  system  in  view 
of  such  a great  difference  in  the  overall  efficiency. 

The  implications  here  afe  that  when  you  have  such 
low  efficiency,  you  need  much  larger  solar  arrays,  and  for 
low  earth  orbit  this  also  Implies  that  you  have  an  extra 
load  because  you  have  to  keep  the  bird  in  orbit. 

AMBRUS*  ^es,  I agree  with  you,  ana  there  are  some 
stuuies  that  agree  with  you.  And  there  are  some  stuoies 
that  say  that  no,  it's  nickel-hydfogen  that  is  going  to  be 
heavier. 


This  is  why  I commented  thet  we  are  having  several 
studies  done  on  the  use  of  fuel  cell  electrolysis  versus 
nickel “hydrogen,  and,  depending  on  who  does  the  study, 
depending  upon  the  assumptions  that  people  make,  they  come 
out  neck  and  neck.  Now  since  we  are  committed  to  improve 
fuel  cell  technology,  we  figure  we  had  better  go  on  with 
both,  and  then  let  the  practical  experience  decide. 
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MISSION  OF  THE  NASA  SPACE  RESEARCH  AND  TECHNOLOGY  PROGRAM 


TO  PROVIDE  A TECHNOLOGY  BASE  THAT  WILL  ADEQUATELY 

SUPPORT 
ENHANCE,  AND 
ENABLE 

CURRENT  AND  FUTURE  ACTIVITIES  IN  THE  EXPLOITATION  OF  SPACE 

Figure  1-1 

MAJOR  TECHNOLOGY  DRIVERS 

0 ADVANCED  PLANETARY  SPACECRAFT 
0 ADVANCED  SPACECRAFT  IN  GEOSTATIONARY  ORBIT 
0 LARGE  SPACE  SYSTEMS  IN  LOW-EARTH  ORBIT 

POWER  SYSTEM  REQUIREMENTS 

0 HIGH  CAPACITY 
0.  HIGH  ENERGY  DENSITY 
0 LONG  LIFE 
CYCLE  life 
STORAGE  LIFE 

Figure  1-2 

MAJOR  THRUSTS  OF  THE  SPACE  POWEI^  RESEARCH  AND  TECHNOLOGY  PROGRAM 


0 PHOTOVOLTAIC  ENERGY  CONVERSION 

CHEMICAL  ENERGY  CONVERSION  AND  STORAGE 
THERMAL  TO  ELECTRIC  ENERGY  CONVERSION 
POWER  SYSTEMS  MANAGEMENT  AND  DISTRIBUTION 


0 ADVANCED  ENERGETICS 

SEEKS  TO  EXPLORE  REVOLUTIONARY  NEW  CONCEPTS 
Figure  1-3 
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SPACE  POWER  RESEARCH  AND  TECHNOLOGY 
FUND  DISTRIBUTION  BY  SPECIFIC  OBJECTIVE 


FY  81 


FY  82 


Figure  1-4 


CHEMICAL  ENERGY  CONVERSION  AND  STORAGE 
FY  82  FUND  DISTRIBUTION 


FY  TASK  AREA  BY  CENTER 


Figure  1-5 
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CHEMICAL  ENERCY 
CONVERSION  AND  STORAGE 


FYB2 

FY  B3 
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INVESTIGATIONS 
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Figure  1-6 


fuel  CELL  • WATER  ELECTROLYSIS 


0 ADVANCED  ENERGY  STORAGE 
0 COUPLING  OF  TWO  MATURE  TECHNOLOGIES 
0 TWO  COMPETING  SYSTEMS 
ALKALINE  H2-02 
SPE  H2-O2 

0 SPE  BREADBOARD  BY  END  FY  S2 
0 ALKALINE  BREADBOARD  BV  END  FY  83 

0 HIGH  CAPACITY 

0 INTEGRATION  WITH  CREW  LIFE  SUPPORT 
PROPULSION 

0 HIGH  ENERGY  DENSITY 

Figure  1-7 

NIH2  BATTERY  SYSTEM 


0 EMPHASIS 

LONG  RANGE  PLAN  DEVELOPED  (FY  81-8G) 

OONTINUOUS  coordination  WITH  NASA  CENTERS  AND  AIR  FORCE 
IMPROVED  COMPONENTS 
IMPROVED  SYSTEMS 

0 dOAL 

DEVELOP  A NICKEL-HYDROGEN  ENERGY  STORAGE  SYSTEM  WITH  TWICE  THE 
USABLE  energy  DENSITY  AS  THE  EQUIVALENT  NlCD  SYSTeH  AT  EQUIVALENT 
SYSTEM  LIFE  (LOW-EARTH  ORBIT) 


Figure  1-8 
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HlSH.eWERGY  PENSITY  SECOTOARY  BATTgRlES 


0 AMBIENT  TEMPERATURE  LITHIUM  SYSTEMS 
EMPHASIS 

MATERIALS  PERFORMANCE 
DEGRADING  MECHANISMS 

GOAL 

'200  WHR/KG  PROTOTYPE  (5YR  GEO)  BY  END  OF  FY  87 

BASIC  UNDERSTANDING  OF  PERFORMANCE  CHARACTERISTICS  AND  FAILURE 

MECHANISM  BY  END  OF  FY  85 


0 SODIUM  ANODE,  MOLTEN  SALT/BETA  ALUMINA  SYSTEMS 
EMPHASIS 

LOW  TEMPERATURE  MOLTEN  SALTS 
HIGH  CAPACITY  CATHODE  MATERIALS 


GOAL 

200  WHR/KG  COUPLE  DEMONSTRATION  BY  END  OF  FY  83 


PRIMARY  LITHIUM  BATTERIES 


Figure  1~9 


0 EMPHASIS 

SAFETY 

LIFE 

0 APPROACH 

IN  SITU  ANALYSES 
INVESTIGATION  OF  CLO2 
THERMAL  ANALYSIS 

microcalorimetry 

DSC 

VOLTAGE  DELAY 
HIGH  RATE  CATHODES 
SOA  MONITORING 


0 GOAL 

DEMONSTRATE  SAFE,  HIGH  ENERGY 
DENSITY  <300  WHR/KD),  LONG  LIFE 
PROTOTYPE  CELLS  BY  END  OF  FY  85 


Figure  1-10 


FUNDAMENTAL  INVESTIGATIONS 

SUPPORTS  ONGOING  EFFORTS  BY  UNDERSTANDING  BASIC  MECHANISMS 

0 NiCd  FAILURE  MODEL 
MODEL  VALIDATION 

CYCLING  PROGRAM  - DESTRUCT  ANALYSIS 

NONDESTRUCT  ANALYSIS 
STATISTICAL  ANALYSIS 


0 ELECTROLYTE  VOLUME  MANAGEMENT 

separator  pore  size  engineering 


0 SYNTHETIC  BATTERY  CYCLING 

Figure  1-11 
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HIGH  RATE,  HIGH  RELIABILITY  Li/S02  CELLS 


R.  Chireau,  PCI 

>'le-'re  going  to  discuss  today  the  use  of  the 
lithium/sulfur  dioxide  system  specifically  for  some  high 
rates,  high  reliability  aerospace  applications. 

The  lithium/sulfur  dioxide  electrochemical  system 
is  well  known,  extensively  used.  It's  probably  the  most 
adyanceo  of  the  primary  lithium  systems  that  are  in  use 
today  but  we  think  primarily  of  it  as  a low  rate  system.  In 
fact  most  of  the  applications  to  which  it  has  been  devoted 
have  been  restricted  to  low  rate  applications. 

Gur  work  here  will  endeavor  to  show  some  of  the 
eppl icetions , some  of  the  changes  which  can  be  made  to  the 
system  to  make  it  work  in  the  realm  of  high  rate 
appl ications . 

(Figure  2-1  ) 

Our  first  slide  simply  indicates  the  comparison  of 
the  high  rate  density  in  the  system,  the  sulfur  dioxide 
system,  in  comparison  to  some  common  primary  systems* 
mercury  zinc,  silver  zinc,  magnesium  oxide.  We  have  applied 
some  conservative  estimates  here  on  the  storage  life,  shelf 
life  of  the  system  so  far  as  the  lithium/sulfur  dioxide  is 
concerned. 


We  have  oocumented  values  for  more  than  five  years 
although  it  is  here  indicated  as  five  years.  All  the  rest 
of  the  characteristics  which  are  enumerated  here  are  pretty 
well  known  to  the  audience  I'm  sure  end  what  else  we  found  I 
think  speaks  for  itself. 

(Figure  2-2) 

In  the  next  slide  in  this  maze  of  numbers  we  have 
tried  to  come  out  with  a standard  — well,  not  pretty  much 
standard  but  a line  of  lithium/sulfur  dioxide  cells,  and  I 
think  the  last  two  columns  are  pretty  well  indicative  of  the 
values  of  energy  density  which  have  been  achieved.  These 
actual  numbers  have  actually  been  achieved.  And  you  can  see 
we  are  pretty  well  in  the  ballpark  of  whet  we  had  put  in  the 
previous  slide. 
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We^'re  talking  of  numbers  which  range  from  roughly 
100  watt'^hours  per  pound  to  about  IbO  watt-hours  per  pound, 
and  these  are  actual  finished  ceils.  The  various  modei 
numbers  change  only  insofar  as  the  capacity  is  concerned, 
ana  the  diameter,  height,  etc. 

(Figure  2-3) 

Here  we  have  indicated  the  cross  section  of  a 
typical  cell.  All  of  the  ceil  models  which  we  previously 
put  on  the  board  followed  this  same  design  construction. 
k\e're  talking  of  the  commonly  known  ^ellyroll  construction, 
a cathode  wouna  as.  a laminate  separated  from  the  anode 
which  is  lithium,  of  course,  by  means  of  a separator. 

The  gathode  is  a carbon  compound  laminated  onto  a 
crib,  separating  microporous  propylene  material,  an  anode 
lithium  sheet  of  course.  The  can,  steel.  Hermetically 
sealed  construction.  And  you  can  see  immediately  the 
contribution  of  the  can  and  the  weight  of  the  various 
materials  which  of  course  oo  not  directly  contribute  to  the 
energy  density. 

However,  I show  this  oicture  to  indicate  that  in 
our  work  on  the  high  rate  system  we  use  this  as  a basic  . 
model,  ano  no  changes  have  been  made  basically  to  the 
structural  construction  of  the  cell. 

(Figure  2-4) 

Now  then,  in  a high  rate  system  what  are  we 
looking  forV  irvhat  are  the  characteristics  of  the  typical 
high  rate  system  for  an  aerospace  application?  What  would 
we  consider,  as  being  desirable  goals? 

Here  we  have  two  types  of  batteries  which  we  will 
look  into  in  a little  more  detail.  f>r\6  we  have  what  many  of 
you  will  recognize  as  being  some  rather  stringent 
miss ile/aerospace  requirements.  We  have  a high  rate,  high 
voltage,  55  volts  overall.  We  have  two  conditions  under  low 
profile.  One  is  a pulsing  type  regime  which  rates  to  18 
amps.  The  other,  no  pulses  but  a steady  state  requirement. 

The  environmental  requirements  are  almost  standard 
so  far  as  qualification,  acceptance  end  storage,  ranging 
from  minus  6b  to  as  high  as  125  to  140  degrees. 
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Our  energy  density  requirements  are  not  that 
strict  in  terms  of  what  we  require,  47  watt-hours  per  pound 
in  one  case  and  50  watt-hours  per  pound  in  another  case,  and 
neither  are  the  watt-hours  per  cubic  inch. 

We  bring  your  attention  to  the  power  density 
requirements,  however,  of  14.1  watt-hours  per  cubic  inch  in 
this  Type  A battery  under  maximum  load  which  is  considered 
unusually  high  for  e lithium  application. 

(Figure  2-5) 

Now  in  the  desion  of  the  cell,  what  are  some 
considerations  that  we  have  to  examine  in  order  to  make  the 
system  work  as  a high  rate  system?  ke've  listed  here  some 
of  the  most  important  requirements  which  had  to  be  examined 
and  actually  solved  to  make  this  system  a reality. 

"A"  is  fairly  obvious.  '»ou  have  to  have  the  maximum 
surface  area  that  you  can  possibly  put  into  the  system. 
Remember  again  we-'re  talking  about  general  construction  so 
you're  kind  of  limited  there. 

Then  we  go  on  to  a series  of  other  requirements 
such  as  balanced  electrode  configuration.  Here  we're 
talking  about  stoichiometrically  balancing  reactants  in  the 
cell  for  safety  reasons.  Ihis  system  we  consider  must  be 
lithium-limited. 

High  cathode  efficiency,  again  an  obvious  design 
requirement.  To  minimize  the  voltage  drop  within  the  cell 
very  heavy  current  collectors  are  required,  multiple 
tabbing,  etc. 

The  hermetic  seal  design  which  we  put  under  the 
design  considerations  is  a must?  obviously,  for  the  long 
shelf  life  requirements  we  must  have  a hermetic  seal. 

Ihe  "C"  we  consider  again  a must,  venting,  because 
of  the  safety  aspects.  We  mustn't  forget  that  we're  talking 
of  high  rates  and  therefore  we^re  going  to  see  large  thermal 
gradients,  and  so  the  venting  of  the  cell  oecomes  a 
requirement. 

In  subsequent  slides  we  hope  to  show  you  some  data 
on  what  happens  at  the  high  current  densities  that  we're 
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talking  about.  Low  resistance  separator,  again  to  keep  down 
the  IR  losses  and  of  course  the  temperature  which  ensues  from 
the  high  rate  discharges.  I think  most  of  these  things  that 
we  listed  here'  are  fairly  obvious. 

(Figure  2"6) 

From  battery  design  consideration,  the  power 
end  epergy  densities  must  be  maximized;  that  is  to  sav,  we 
work  with  the  lightest  materials  in  the  operation  of  the 
cell.  There's  not  too  much  we  can  dc  within  the  cell  itse^.f 
to  maximize  the  material  except  to  try  to  thin  out  our 
materials  such  as  grids  and  can  to  the  limit,  but  there  is 
not  too  much  we  can  do  there. 

A battery  consists  of  not  'Just  the  cells  plus  all 
of  the  auxiliary  equipment  which  are  the  intercell 
connectors  or  pads  and  the  can  and  potting,  and  of  course 
those  are  the  reasons  you  have  to  lock  in  order  to  maximize 
energy  and  power  density  within  the  system. 

Item  3,  the  suspectibility  to  mechanical, 
chemical,  electrochemical  degradation,  we've  lumped  unoer 
the  term  "Reliability. Actually  we've  had  a reliability 
goal  that  we  set  for  ourselves  in  doing  this  work,  and  the 
reliability  of  each  one  of  the  components  of  the  battery  has 
to  be  examined  in  the  light  of  achieving  this  reliability 
goal . 


Battery  design.  In  the  oesign  of  the  primary 
battery.  Item  4,  the  voltage  regulation,  the  voltage  on  load 
is  extremely  important  in  view  of  the  fact  that  the 
well-known  initial  yoltage  drop  or  voltage  transient  which 
is  commonly  observeo  in  the  lithium/sulf ur  dioxide  system 
must  be  taken  into  account. 

Here  there  are  several  design  approaches  v^hich  are 
available  to  us  to  minimize  these  transients.  But  the 
chemistry  of  the  cell  mitigates  against  the  complete 
solution,  the  complete  elimination  of  what  we  call  transients. 
At  least  we  can  minimize  them  to  get  them  into  the  millisecond 
range,  under  a millisecond,  but  so  far  it  has  not  been  possible 
to  completely  eliminate  that  which  we  call  a transient  and 
therefore  its  effect  on  voltage  degradation. 
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Continuinp  down  the  list,  we  have,  again  obvious, 
oesign  criteria  storage  life.  The  storage  life  of  the 
system  I think  is  pretty  well  documented  over  a period  of 
five  years,  i^e  have  shelf  life  data  which  indicate  95 
percent  of  capacity  retention  at  normal  temperature 
ambience . 


As  we  00  up  the  temperature,  temperatures  of  130 
to  160  degrees,  that  capacity  retention  figure  drops  off  a 
bit  but  it  is  still  fairly  acceptable.  l/\hat  has  proven  to 
be  a bit  of  a roadblock  is  the  effect  of  the  temperature  and 
storage  time  on  again  the  voltage  transient.  That  is 
something  which  remains  to  be  worked  on  end  for  which  right 
now  the  solution  is  not  readily  seen. 

rte  have  enumereteo  various  other  criteria  in  the 
primary  battery  design  which  for  the  sake  of*  continuing  we 
will  Just  pass  over. 

(Figure  2-7.) 

How,  havino  enumerated  all  the  good  things  that  we 
would  like  to  do,  that  we  see  should  be  done,  how  did  we 
fare  in  a typical  design  of  a high  energy  density  end  high 
power  or  let^s  say  high  rate  battery? 

Well,  going  back  again  to  our  two  lype  A and  Type 
E batteries,  we  have  two  systems  which  we  consider  come 
pretty  close  to  meeting  our  original  goals  and  under 
envelope  dimensions  we  give  you  some  figures  as  to  the 
length,  width,  weight  dimensions. 

As  to  the  conf iourat ion  of  the  cells,  we  have  two 
different  configurations  since  there  are  two  different 
requirements.  One  uses  a cell  which  is  a little  smaller 
than  the  other.  Most  of  the  work  on  these  data  that  we^ll 
present  will  center  around  the  Type  B battery  where  we're 
using  our  model  550  which  reduces  down  to  the  size  of  a D 
celll  This  would  be  a D-sized  cell,  so  therefore  we're 
talking  of  a modified  D-type  cell  capable  of  high  rate. 

And  tlie  ceil  of  course  is  packaged  within  a 
canister  of  stainless  steel  with  all  the  rest  of  the  fruit 
salad  that  goes  along  with  any  aerospace  application. 

A heater  blanket  is  required  because  of  the 
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operational  requirement  down  to  minus  6b. 


(Figure  2-b) 

Before  we  go  into  the  actual  data  I'd  like  to  show 
a terrible  picture.  This  would  be  our  lype  A battery/. 

(Figure  2-9) 

This  is  our  Type  a battery. 

(Figure  2-10) 

In  the  cell  aesign,  to  shov  the  range  of  current 

density  and  the  voltage  response  obtaineo  you  see  we're  a 
little  beyono  the  normally  accepted  range  of  current 
densities  for  lithium/ sulfur  dioxioe  systems. 

(Figure  2-11) 

Here  we  show  what  happens  at  a fairly  high  rate. 
The  current  density  is  equivalent  to  about  20  milliamps  per 
square  centimeter  and  the  system  is  carried  all  the  way  to 
zero  discharge,  into  reversal.  Ihe  cell  vents  after  the 
reversal  condition. 

(Figure  2-12) 

This  slide  shows  again  a typical  cell  and  its 
temperature  profile  limiteo,  to  discharge.  Notice  that  we  do 
not  carrv  the  cell  into  reversal,  therefore  there  was  no 
\enting.  The  temperature  is  only  IIG  decrees  Fahrenheit. 

(Figure  2-13) 

Finally,  we  have  a battery  voltage.  This  would  be 
the  Type  A battery.  The  temperature  is  plus  40  and' 
therefore  doesn't  use  heater  power.  But  notice  that  this  is 
a complete  battery,  12  cells.  Notice  the  temperature 
prof i 1 e . 


(Figure  2-14) 

And,  finally,  the  Type  B battery.  Ihis  is 
constant  current  at  9,2  amperes,  and  again  the  temperature 
goes  to  almost  200“  F. 
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(riqure  2-I5) 


The  last  slide  shows  an  actual  testing  of 
batteries  with  heater,  minus  6b,  under  pulsing  loads  which 
one  can  calculate.  Vou  have  the  actual  ohms.  You're 
talking  very  high  current.  The  voltage  response  is  on  the 
right . 


The  oattery  on  the  right-hend  side  — the  Type  A 
battery  — was  tested  at  I idb  degrees  Fahrenheit  and  again 
we  get  good  voltage.  Notice  that  none  of  these  batteries 
have  vented  during  the  course  of  the  discharge. 

In  conclusion  I'd  like  to  say  that  our  work, 
although  limited  so  far,  indicates  that  the  system,  the 
lithiurn/sulfur  dioxide  system,  appears  to  have  come  of  age, 
is  coming  of  age,  and  that  a low  rate  system  looks  like  it's 
about  to  enter  into  the  high  rate  application  category. 

Thank  you. 


DISCUSSION 

MARCOUX  (Hughes) s Have  you  attempted  any 
environmental  testina  in  mechanically  severe  environments 
with  either  cells  or  batteries? 

CHIREAU*  Yes,  we  have. 

MARCOUX*  Could  you  tejl  us  about  that,  please, 
vibration  environments  in  particular? 

CHIREAU*  'rte  have  tested  both  cells  and  batteries 
under  conditions  of  very  severe  random  vibration  and  have 
found  that  there  is  no  effect,  provided  certain  precautions 
ere  taken  in  the  design  of  the  cell. 

The  main  area  that  one  has  to  watch  out  for  is  the 
breakage  of  the  tabs  during  random  vibration  should  one 
reach  a harmonic,  but  that  problem  has  been  solved. 

MARCOUX*  Thank  you. 

RAMAN  (DuracelD*  Woula  you  explain  to  me  the 
short  circuit  current  of  the  cell  used  in  Type  A ana  Type  3 
batteries? 
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CHIREAU*  In  the  Type  A battery  which  uses  our 
Model  660»  the  short  circuit  current  would  be  estimated  at 
approximately  22  or  25  amps.  In  the  550  that  current  would 
probably  be  somewhere  in  the  range  oi  about  30  amps. 

RAMAN*  And  you  were  able  to  get  with  a 9 amp 
discharge  about  2.2  volts  with  that  22  amp? 

CHIREAU*  Yes. 

RAMAN*  Thank  you. 

OTZINGER  (Rockwell)*  What  are  the  capacities  of 
these  two  units? 

CHIREAU*  In  the  first  unit  the  capacity  is 
approximately  4.5  ampere-hours,  ana  In  the  second  about  -8 
ampere-hours.  I will  modify  that  to  state  that  those  are 
the  capacities  at  a rated  nominal,  sey  four-hour  rate.  As 
the  current  or  the  current  density  goes  up  you  will  get  a 
correspondingly  lower  capacity  which  we  have  established 
empirically,  but  I'd  have  to  get  it. 

OTZINGER*  These  are  basically  B cell  types? 

CHIREAU*  Yes. 

BIS  (NSWO*  I have  one  question.  You  mentioned 
you  balanced  the  cell  stoichiometricelly  and  in  the  same 
vugraph,  if  1 recall  correctly,  you  also  mentioned  that 
you  basically  are  limited,  lithium-limited,  which  means  if 
you^re  going  to  pick  the  ratio  you're  going  to  be  — lithium 
to  S02,  you're  going  to  be  excess  502.  Is  that  correct? 

CHIREAU:  No.  No,  that's  not  what  was  meant  by 

projecting  that  vugraph.  What  we  are  trying  to  say  is  that 
these  are  desirable  characteristics  that  we  would  like  to  see 
in  the  system.  Obviously  it  is  not  possible?  we  can't  be  all 
things  to  all  men.  We  would  like  to  be  balanced  for  safety, 
obviously,  but  we  also  know  that  for  the  sake  of  maximizing 
energy  density  in  certain  cases  we  wculd  also  like  to  be 
lithium-limited. 

So  the  two  statements  do  not  compete  against  each 
other,  and  the  designer  of  this  system,  the  designer  of  the 
high  rate  cell,  must  take  these  things  into  account,  what 
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I'm  really  saying  is  t;hat  every  application  must  be  examined 
on  its  own.  ^^e're  not  going  to  be  able  to  pick  a common 
garden  variety  cell  for  all  applications. 

WATSON  (SAFT)s  ^ou  mentioned  in  your  presentation 
reliability  ooals . What  were  your  hioh  reliability  goals 
and  did  you  achieve  them? 

CHIREAU*  We  have  achieved  the  reliablity  goals.  I 
believe  that  we  had  on  the  two  battery  types  a requirement 
or  coal  of  a mean  time  before  failure  in  a non-operational 
mode  of  420,000  hours,  and  under  mission  — operational 
conditions  — a mean  time  between  failures  of  330,000  hours 
under  some  specified  environmental  conditions. 

We  achieved  an  enulvalent  cf  ''40,337  hours,  which 
is  about,  oh,  20  percent  hioher  than  what  we  expected.  This 
is  under  the  reliability  assessment  work  that  we  did  on  this 
program. 


SCHUILLA  <CIA)»  I have  a three-part  auestion.  I 
would  like  to  know  if  you  deliberately  ventec  cells  in  a 
battery  configuration.  That's  one  pert. 

The  second  part  is  if  you  cid,  what's  the  case 
deflection  in  the  vent  area? 

And  the  third  question  is  if  you  get  any 
deflection  with  the  close  packaging  arrangement  in  your 
cells  — I believe  you  have  two  vents  at  90  degree  angles  — 
what  prevents  it  from  shorting  out  tc  the  cell?  what  woulc 
prevent  one  cell  from  shorting  into  another  cell  and 
bypassing  the  protection  you  have  provided? 

CHIREAU*  Well,  I'll  answer  your  questions  in 
turn.  The  answer  to  the  first  nuestion,  which  was  do  we 
provide  for  venting  in  the  cell,  and  the  answer- is  yes. 

The  second  auestion,  the  case  deflection.  You 
will  have  noted  in  the  vugraph  that  the  battery  is  provided 
with  a pressure  relief  valve.  The  pressure  relief  valve 
faces  directly  into  the  center  of  the  battery  pack. 

SCHUILLA!  I'm  not  talking  about  the  battery  case 
deflection?  I'm  talking  about  the  cell  vent  area  deflection. 
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CHIREAUs  Okay.  The  vents  are  oriented  in  the 
essembiy  of  the  battery.  They  are  oriented  towards  the 
central  longitudinal  space  where  they  can  deflect  or  move 
and  it  is  not  restrained.  Actually  when  Jthe  cells  vent  and 
there  is  movement  of  the  vent,  of  the  side  vent,  the  metal 
just  merely  moves  in  the  center  space  which  we  allow  for  such 
deflection,  of  the  metal. 

There  is  no  problem  insofar  as  preventing  the 
motion  of  the  cells,  or  the  motion  of  the  wall  in  some  case, 
the  wall  from  movino.  Ae  have  not  had  that  problem. 

And  what  was  the  third  part? 

SCHUILLA5  l^’m  lookinc  at  the  two  cells.  They're 
situated  butted  up  against  each  other.  If  you  have  a vent 
portion  facing  another  cell — 

CHIREAU*  They  do  not  face  another  cell.  T^ey 
face  a void  which  is  located,  as  I sty,  in  the  longitudinal 
aspect.  Ihe  cells  are  cylindrical  and' when  they're  formed 
into  the  configuration  we  have  shown  there's  a center  void 
space  which  is  allowed,  and  the  cells  vent  into  that  space. 
And  there's  a conduit  which  allows  the  gases  to  escape  from 
that  space  into  the  vent. 

SCHUlLLAs  Thank  you. 

HELLFHITZSCH  (Se If -employee) : When  I hear  400.000 

hours  mean  time  between  failure,  that's  like  over  40  years 
or  50  years.  I think  1 need  to  know  what  "failure"  is 
cefined  as,  and  how  in  the  devil  you  ever  were  able  to 
determine  something  like  50  years. 

CHIREAU*  We  did  what  I guess  the  statistician 
wouia  call  a failure  mode  effects  ano  criticality  analysis, 
and  basically  every  component  in  the  system  is  assessed  a 
certain  mean  time  to  failure.  And  the  addition  of  the  time 
to  failure  of  every  one  of  these  components  amounts  to  this 
nebulous  number  of  400,000.  I'm  not  much  of  a statistician 
myself  but  apparently  the  numbers  corre  out. 

HELLFRITZSCH*  I'd  be  interested  in  if  a hundred 
batteries  or  cells  ere  put  to  the  test,  or  a thousand  for 
the  oio  reliability  figure  on  what  percent  will  have  failed 
and  what  percent  will  not  have  failec. 
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CHIREAU*  In  effect  in  the  program  the  same 
approach  is  taken.  In  fact,  as  part  of  this  program,  some 
— what?  — upward  of  3500  cells  were  actually  put  through 
their  paces  through  various  tests,  of  course. 

HELLFRITZSCH*  And  how  many  failed? 

CHIREAU*  I don't  have  those  figures. 

HELLFRITZSCH:  Did  any  fail? 

CHIREAU*  Ves.  Ihere  are  various  criteria  for 

failing. 


HELLFRirZSCH*  I recommend  that  they  develop  a way 
of  conveying  reliability  in  numbers  that  make  some  technical 
sense.  This  methoa  doesn't  make  any  sense  at  all. 
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PRIMARY  CELL  COMPMtATIVE  PERFORMRNCE 


400-5S 

440S 

400S 

440- IS 

6S0-2S 

660S 

660-3S 

550S 

660-AS 

6S0-50S 

1500-20S 

660-5S 

1500-50S 

660-5AS 


CHARACTERISTIC 

CARBON 

ZINC 

Mn02 

ALKALINE 

LITHIUM 

-S02 

MERCURY 

ZINC 

SILVER 

ZINC 

OPERATING  VOLTAGE 

1.5S 

1.55 

3.0 

1.25 

1.50 

SHELF  LIFE  : 

STORAGE  TEMP. 

70®F 

1-2  yrs 

1-2  yrs 

5 yrs 

2-3  yrs 

1 yr 

130'»F 

1-5  mOs 

2 mos 

5 yrs 

3 nos 
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LOt^  TEMPERATURE: 
(PERCENT  OF  70  F) 
CAPACITY 

+20«F 

5% 

1554 

9654 

054 

5054 

-20*F , 

0% 

354 

8554 

054 

1054 

-40»F 

054 

054 

6(« 

054 

054 

VR^TT-HRS  PER  LB 

19.5 

26 

125 

40 

45 

V7ATT-HRS  PER  CU.  IN 

1.6 

2.3 

7.1 

4.8 

3.5 

Figure  2-1 


PROPERTIES  OF  PCI  llTHIUM  SULFUR  DIOXIDE  PRIMARY  CELLS 
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101 

1,637 
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2.00 

50.80 
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Figure  2-2 
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WIkDIQ  TOP,-^ 
INIULATOH, 

ni  *Mv  - 


OlAM(T(«*l 
LIHtTHi*  I/I 


I. OPEN  czKcurr  voltage 

2.LOAO  PROrZLS(MAX  CURRENT) 


3.NOMINAL  OUTPUT  VOLTAGE 


• Steady  State 


- 65*P  (with  heater) 


S.CUToOrP  VOLTAGE 


S.ZNSULATZON  RBSZSTANCB 


7. TEMPERATURE  RANGE 

nUALZrZCATZON  LEVEL 


8.  ENERGY  PBNSZTY 


9.  POWER  BCNSZTY,  W/cu.  in. 


4A  Steady  State  load  9.2  ei  load 
ISA  10  Be  pulee  No  pulaes 


lOA  10  Be  pulee 
9.6A  200  Bs  pulee 


S.4A  SO  ns  pulee 


11.5  nlnutes  nln. 


100  negohns 
0 500  vde 


11. S ninutes  nin. 


100  negenns 
e 500  vde 


Figure  2-3 


Figure  2-4 


I,  ENERGY  AND  POWER  DEl^SXTIES  (V?hAg»  Mh/dm?  WAg#  W/dif?) , 


(a)  ELECTRODE  DESIGN 

HIGH  POVfER  CONFIGURATION 

BALANCED  ELECTRODE  CONFIGURATION 

LITHIUM  LIMITED 

HIGH  CATHODE  EFFICIENCY 

ANODE  current  COLLECTOR 

MULTIPLE  TABS 

PARALLEL  ELECTRODES 


2.  CHANGE  OF  TOE  ABOVE  WITH  STORAGE. 


3.  SUSCEPTIBILITY  TO  MECHANICAL*  CHEMICAL  OR  ELECTROCHEMICAL 
DEGRADATION  (I.B.  RELIABILITY). 


4,  voltage  REGULATION  (LOAD  ON  DISCHARGE), 


(b)  HERMETIC  SEAL  DESIGN 


5.  STORAGE  LIFE. 


(c)  EVALUATION  OP  VENTING  FEATURES  AND  CONDITIONS  OF  VENTING, 


6.  EFFECT  OF  TEMPERATURE  ON  (1)  (3)  (4)  (5), 


(d)  EFFECTS  OP  UNUSUAL  CONDITIONS  OP  USE  SUCH  AS  HIGH  TEMPERATURE 
DISCHARGE. 


7,  SPECIAL  CRITERIA  (I.E.  RESISTANCE  TO  SPECIFIC  ENVIRONMENTS). 


8.  DIODE  PROTECTION 


(a)  LOW  RESISTANCE  SEPARATOR  TO  MINIMIZE  OHMIC  LOSSES. 


•(£)  PERPORMANCB/SAFETY  CONSIDERATIONS. 


9,  BATTERY  ENCAPSULATION 
NON-FLAMMABLE 
SAFETY  VENT  ACTIVATION 


Figure  2-5 


10, TEMPERATURE  CONTROL  AND  LIMITATION  ON  DISCHARGE. 


Figure  2-6 
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BATTERY  DESCRIPTION  AND  CHARACTERISTICS 


TYPE  A 


TYPE  B 


ENVELOPE  DIME24SIONS: 


Length  t 5,00  inch  (max) 
Width  : 3.91 
Height  : 2,44  ” 

Weight  ! 2.5  Iba  “ 


5.90  in,  (max) 
4.50 
2,80  " 

3.35  Iba 


CONFIGURATION  : 


1.  BATTERY  CONSISTS  OF  12 

SERIES  CONNECTED.  SEALED 
Li/S©2  CELLS  MODEL  660-3- 
S-  HRS  PACKAGED  'WITHIN  A 
SEALED  S.S.  CANISTER  . 


BATTERY  CONSISTS  OF  12 
SERIES  CONNECTED  SEALED 
Li/S02  CELLS  MODEL  5S0-S 
- HRS  PACKAGED  WITHIN  A 
SEALED  S.S.  CANISTER  . 


2,  CONNECTOR  : MATES  WITH 
MS  274-84C  lOF  3SP. 


CONNECTOR  t MATES  WITH 
MS  27464E  14F  18P. 


3,  DIODE  PROTECTION  j INDIVIDUAL  CELLS  ARE  DIODE  PROTECTED. 

4.  A SAFETY  CENT  MECHANISM  ON  THE  COVER  OF  THE  BATTERY  CASE  IS  DESIGNED 
TO  RELIEVE  INTERNAL  CANISTER  PRESSURE. 


Type  'a'  Li/SOg  Battery 

12  X 660-3-SHR-S  (5.3AHnom) 


5.  A HEATER  BLANKET  SURROUNDS  THE  INTERNAL  CELL  STACK  STRUCTURE  TO 
PERMIT  BATTERY  OPERATION  AT  TEMPERATURE  OF  -65  F . 


Figure  2-7 


Figure  2-8 


Type's' Li/SOg  Battery 
I2x550-SHR-S  (B.OAHnom) 


Figure  2-9 


Figure  2-10 


BATTERY  DEVELOPMENT  TESTING  RESULTS 


I-  battery  type  a ( TESTED  Q Tt70  (2)  TEMPERATURES) 
(PULSING  PROFILE) 


DISCHARCHARGE  PULSING  LOAD 


TIME(  SEC) 

AMPS 

OHMS 

0 

•• 

36 

4.0 

- 

37 

- 

0.5 

37.5 

4.0 

38 

- 

1.0 

38.5 

4.0 

- 

39 

- 

0.5 

39.5 

4.0 

- 

40 

•• 

1.0 

40.3 

2.9 

41 

5.4 

# 

44 

1.0 

290 

5.4 

300 

1.0 

314 

5.4 

527 

- 

1.0 

690 

4.0 

- 

BATTERY  VOLTAGE 

(VOLTS) 

S/N  001 

S/N  002 

-65®F  (V7/HEATER) 

+125®F 

35.07 

35.04 

30.89 

31.09 

23.43 

22.20 

30.89 

31.09 

24.66 

22.20 

30.89 

31.09 

23.43 

23.69 

30.89 

27.22 

24.66 

29.08 

26.71 

23.69 

29.45 

29.70 

24.66 

25.20 

29.45 

30.13 

24.66 

25.20 

30.14 

30.13 

26.99 

25.20 

31.91 

31.63 

II.  - BATTERY  TYPE  B ( TESTED  ff?  T170  (2)  TEMPERATURES) 
(9.2  AMPERE  CONSTANT  CURRENT) 


DISCHARGE  TEMPERATURE 
BATTERY  OCV 
BATTERY  VOLTAGE 
© 20  MS 

© XI. 5 minutes 
© END  OF  DISCHARGE 
DISCHARGE  TIME  (MINUTES) 
BATTERY  TEMPERATURE® F 
@ 11.5  minutes 
@ END  OF  PISCHARGE 


■ 40®F 

+ 120° F 

35.15 

35.05 

23.64 

29.04 

30.44 

31.20 

24.75 

30.46 

23 

18 

118 

181 

167 

213 

Figure  2-15 
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ACCELERATING  RATE  CALORIMETRY:  A NEW  TECHNIQUE 

FOR  SAFETY  STUDIES  IN  LITHIUM  SYSTEMS 
W.  Ebner,  Honeywell 

Thank  you.  Dr.  Bis. 

Solving  the  safety  problems  associated  with 
lithium  electrochemical  systems  is  currently  a major 
priority  for  the- battery  industry.  Ihis  morning  I would 
like  to  discuss  a new  technique  we're  using  at  Honeywell  to 
study  these  safety  problems,  and  present  some  of  the  initial 
results  we've  attained  with  the  lithium-sulphur  dioxide 
system  in  a contract  with  the  Naval  burfece  Weapons  Center. 

The  technioue  is  accelerating  rate  calorimetry  and 
was  developed  by  Dow  Chemical  Compen>  specifically  for  the 
purpose  of  studying  thermal  runaway  reactions.  Columbia 
Scientific  Industries,  Incorporeteo,  commercially  markets 
the  instrument  we  are  using. 

Lithium  cells  are  sometimes  known  to.  underoo 
thermal  runaway  reactions  following  certain  abuse  modes  such 
as  forced  discharge  into  reversal  anc  chercinc.  Safety 
studies  therefore  should  Quantitatively  determine  the 
hazards  associated  with  these  thermal  runaway  reactions 
independent  of  any  heating  effects.  This  is  what  we  are 
presently  trying  to  do  with  the  lithium-sulphur  dioxide 
system  under  conditions  of  forced  discharge  into  reversal, 
resistive  overdischarge,  and  charging. 

Generally  a thermal  hazard  is  characterized  by  the 
rate  of  temperature  rise  and  the  overall  magnitude  of 
temperature  and  pressure  increase.  Therefore,  in  conducting 
a thermal  hazards  investigation  it's  imoortant  to  acquire 
information  dealing  with  the  kinetics  of  the  reaction?  that 
iSr  its  time  and  temperature  behavior,  the  thermodynamics  of 
the  reaction;  that  is,  its  total  energy  release,  along  with 
its  pressure  behavior. 

In  our  studies  with  the  lithium-sulphur  dioxide 
system,  our  objectives  are  first  to  oetermine  whether  or  not 
exothermic  reactions  play  a significant  role  in  a particular 
test  mode. 
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Secondly,  we  want  to  characterize  any  observed 
exothermic  reactions  with  respect  to  their  time-temperature 
and  time-pressure  behavior. 

Finally,  for  any  major  exotherms,  we  want  to 
Identify  the  reactions  occurring  so  that  we  may  find  a way 
to  eliminate  or  inhibit  them. 

because  the  accelerating  r?te  calorimeter  was 
oesigned  specifically  for  the  purpose  of  thermal  hazard 
investigations,  it  has  certain  advantages  over  conventional 
techniques  such  as  differential  thermal  analysis  and 
oifferentiai  scanning  calorimetry.  These  aovantages  are 
summarized  in  the  first  slloe. 

(Figure  3-1 ) 

First,  the  effects  of  self-heating  are  taken  into 
consideration,  which  allows  an  accurate  assessment  of  the 
hazard  to  be  made  both  with  respect  to  the  oegree  to  which 
the  reaction  is  accelerated  by  temperature,  and  also  with 
respect  to  obtaining  the  minimum  initiation  temperature. 

A’hen  the  effects  of  self-h«ating  are  taken  into 
account,  the  initiation  temperature  would  be  much  lower  than 
that  obtained  in  DTA  studies. 

Secondly,  the  instrument  is  designed  to  be  ruaaed 
enough  to  withstand  explosions. 

Third,  pressure  data  are  obtained  directly  thus 
allowing  the  magnitude  of  the  hazard  to  be  directly 
obtained. 


Fourth,  large  sample  sizes  can  be  employed.  This 
allows  us  to  conduct  analyses  on  actual  cells  rather  than 
being  limited  to  microguantitles  of  reagents  such  as  is  the 
case  in  DTA  and  DSC  studies.  This  feature  also  makes  it 
much  easier  to  collect  samples  at  the  end  of  the  experiment 
in  order  to  identify  the  products  formed. 

Finally,  gas  samples  can  be-  collected  during  the 
course  of  an  experiment  which  are  very  useful  for 
identifying  the  reactions  takino  place. 

The  accelerating  rate  calorimeter  is  essentially  a 
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microprocessor-controlled  adiabatic  calorimeter.  During  the 
course  of  an  exothermic  reaction  the  instrument  maintains  a 
sample  under  adiabatic  conditions  and  monitors  the 
temperature  and  pressure  as  a function  of  time.  This 
particular  instrument  has  the  capability  of  studying 
reactions  up  to  temperatures  as  high  as  500  degrees 
Centigrade,  and  pressures  up  to  2500  pounds  per  square  inch. 

(Figure  3-2) 

This  slide  shows  the  time-temperature  behavior  of 
a typical  thermal  runaway  reaction,  in  this  case  the 
decomposition  of  di-tertiary  butyl  peroxide.  It  is  this 
exponential  behavior  that  characteri 2es  a thermal  runaway 
reaction. 

V 

Data  obtained  from  the  experiment  can  be  used  to 
kineticaily  model  the  behavior  of  a system  over  the 
temperature  range  of  interest.  Without  mechanistic 
information,  however,  on  the  reactions  taking  place,  the 
kinetic  parameters  cannot  be  given  fundamental  sianif icance, 
but  they  are  very  useful  in  predicting  the  behavior  of  the 
system. 


The  key  feature  here  is  that  this  tvpe  of 
information  can  be  obtained  without  having  any  knowledge  of 
the  reactions  taking  place.  This  is  extremely  important 
when  evaluating  complex  samples  such  as  are  involved  in 
lithium  cell  evaluations. 

The  kinetic  parameters  of  the  reaction  are 
extracted  through  a mathematical  analysis  of  the  data. 

First  the  data  are  plotted  as  the  log  of  temperature  rate 
versus  the  reciprocal  of  the  absolute  temperature  which  is 
shown  in  the  next  slide. 

(Figure  3-3) 

Again  this  is  the  data  for  the  di-tertiary  butyl 
peroxide  which  is  used  as  a standard  for  the  instrument. 
This  is  essentially  an  Arrhenius  plot  of  the  date,  and  the 
activation  energy  of  the  reaction  is  given  by  the  slope  of 
the  curve  at  the  starting  point  of  the  reaction,  while  the 
overall  temperature  rise  (the  adiabatic  temperature  rise) 
gives  the  energy  released  by  the  reaction. 
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In  those  systems  where  consecutive  or  multiple 
reactions  take  place,  each  reaction  v^ili  give  a curve 
similar  to  this  which  then  can  be  individually  analyzea. 

In  the  studies  we  are  conducting  with  the 
lithium/suiphur  dioxide  system,  our  vork  has  focused  mainly 
on  forced  discharge  into  reversal,  at  least  to  date.  1 
would  now  like  to  present  some  of  those  results. 

(Figure  3-4) 

This  slide  shows  the  general  characteristics  of 
the  cell  we^re  using  in  oiir  evaluation.  We're  incorporating 
a reverse  wrap.  The  cell  has  a surface  area  of 
approximately  70  square  centimeters  and  a capacity  of  1.4 
amp-hours.  Our  electrolyte  solution  incorporates  68  weight 
percent  sulphur  dioxide  and  6.4  weight  percent  lithium 
bromide.  Also  our  anode  incorporates  a'  nickel-expanded 
metal  current  collector. 

(Figure  3-5) 

This  slide  shows  the  test  vehicle  we  are  using. 

Ihe  cell  wrap  is  contained  in  a stainless  steel  housing 
which  has  an  internal  D-ring  seal.  'Ihe  case  acts  as  the 
negative  terminal  and  the  positive  terminal  is  brought 
out  through  a teflon  compression  seal.  The  ceil  is  then 
connected  to  the  calorimeter  through  a Swagelok  fitting. 

Our  investigations  also  consider  the  effects  of 
ceil  design  on  safety.  Four  different  cell  designs  are 
being  employed,  each  incorporating  different  ratios  of 
active  components. 

(Figure  3-6) 

This  slide  summarizes  the  lour  designs  that  we're 
using.  The  first  design  is  lithium-limited.  The  second 
design  is  co ulombically  balanced.  The  third  design 
incorporates  excess  carbon,  while  the  fourth  desion 
incorporates  excess  lithium. 

In  reverse  discharge  testina,  each  of  these 
designs  was  tested  and  evaluateo  at  current  densities  of 
1 and  5 miliiamps  per  square  centimeter  for  a minimum  of  200 
percent  overdischaroe  based  on  the  initial  sulphur  dioxide 
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capacity 


□ur  results  showed  that  all  cells  were  thermally 
stable  followinq  discharge  to  the  2 volt  cutoff.  We  found, 
however,  that  those  ceils  having  excess  lithium  at  end  of 
life,  either  by  design  or  because  of  rate-induced 
inefficiencies,  demonstrated  an  exothermic  reaction  shortly 
after  the  cell  went  into  voltage  reversal.  We  attribute 
this  exotherm  to  the  lithium-acetronitri le  reaction  although 
we  have  performed  no  conf irmational  analyses  to  date. 

(Figure  3-7) 

This  slide  shows  some  of  the  component  ratios 
present  at  the  cells  at  the  2 volt  cutoff  level.  Qf  the 
eigtit  cells  that  we  tested,  four  demonstrated  this 
exothermic  reaction  during  voltage  reversal.  At  the  1 
milliamp  per  square  centimeter  discharge  rate,  we  found  that 
only  the  cell  containing  excess  lithium  by  design  gave  the 
reaction. 

At  5 milliamps  per  square  centimeter,  however,  ail 
cells  except  the  one  that  was  lithiurr-limited  by  design  cave 
the  reaction. 

We  wanted  to  look  at  some  inaicators  to  see  if  we 
could  predict  whether  or  not  this  reaction  would  occur  in 
future  ceJls.  And  using  the  weioht  of  sulfur  dioxide  per 
unit  area  of  lithium  as  an  indicator,  we  found  that  this 
reaction  can  occur  at  values  as  high  as 

25  milliorams  of  sulfur  dioxide  per  square  centimeter  of 
1 ithium. 

Another  indicator  we  looked  at  was  the  sulfur 
oioxide/lithium  ratio.  From  these  results  this  aopeers  to 
be  a more  reliable  indicator  as  to  whether  or  not  this 
reaction  will  occur  in  a particular  ceil.  A value  between 
1 .7  and  2.0  is  indicated  to  be  the  threshold  for  stability. 

(Figure  3-b) 

Now  this  slide  shows  the  t ime/temper ature  profile 
for  this  reaction.  Here  the  experimental  data  being 
presented  is  for  the  cell  containing  excess  lithium  by 
design.  It  was  tested  at  the  1 milliamp  per  square 
centimeter  rate. 


35 


The  bottom  curve  represents  the  actual 
experimental  data,  and  in  contrast  to  a typical  thermal 
runaway  reaction,  this  reaction  doesn't  show  the  exponential 
time/temperature  behavior  at  the  end  of  the  reaction.  The 
type  of  behavior  observed  in  this  cell  is  indicative  of  a 
low  activation  eneroy  reaction  and  in  fact,  our  results 
indicate  an  activation  energy  of  approximately  8 
kilocalories  per  mole  for  this  reaction. 

One  of  the  key  features  of  the  accelerating  rate 
calorimetry  is  the  ability  to  use  the  experimental  data  to 
make  predictions  about  the  chemical  system  in  different 
types  of  hardware  and  equipment.  Nov  usino  this  data,  we 
were  able  to  easily  make  predictions  about 'how  this  reaction 
would  behave  in  different  cell  conf iourations.  Here  is  the 
predicted  behavior  of  a lithlum/SD2  D cell. 

Although  this  reaction  doesn't  constitute  a 
thermal  runaway  hazard  in  itself,  these  results  show  that 
insulated  ceJls  can  reach  temperatures  in  excess  of  130 
cegrees  Centigrade. 

(Figure  5-9) 

This  slide  shows  the  pressure/time  behavior  for 
this  reaction.  Aoain,  the  shape  is  very  similar  to  that  of 
the  time/temperature  profile.  This,  patti cular  cell 
obtained  a maximum  pressure  value  of  approximately  115 
pounds  per  square  inch. 

No  additional  exothermic  reactions  were  detected 
during  continued  reverse  discharaing  of  any  of  the  cells. 
However,  at  the  completion  of  the  reverse  discharge,  the 
cells  were  heated  and  the  stability  evaluated  at  elevated 
temperatures.  Ae  found  that  in  most  instances  the  cells 
exhibit  a series  of  exothermic  reactions  initiated  in  the 
120  to  140  degrees  C.  range. 

(Figure  3-10) 

Now  this  slide  shows  the  time/temperature  profile 
for  one  of  the  ceils.  Again,  this  is  the  cell  containino 
excess  lithium  by  the  design,  tested  at  1 iniliiamp  per 
square  centimeter. 

Here  we  see  that  we  obtain  an  exponential 
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time/temperature  behavior  indicating  that  these  reactions 
constitute  a thermal  runaway  hazard.  The  lower  curve 
represents  the  actual  experimental  deta.  Again,  the  upper 
curve  represents  the  predicted  behavior  for  the 
lithium/sulfur  dioxide  D cell. 

^e  see  here  that  these  reactions  can  cause  an 
insulated  cell  to  exceed  temperatures  of  300  degrees 
Centigrade. 


(Figure  3-11) 

Now  this  slioe  shows  the  Arrhenius  type  plot  for 
these  data.  These  data  demonstrate  that  this  exotherm  is 
caused  by  multiple  reactions,  and  spec  if ical ly  two  major 
reactions  are  indicated,  one  represented  by  this  peak,  and 
one  represented  by  this  peak. 

There  is  also  indication  that  this  secono  exotherm 
is  actually  composed  of  two  separate  reactions,  one  here  and 
one  here. 


We  are  still  in  the  process  of  analyzing  the  data, 
but  I would  like  to  present  some  of  our  preliminary  results, 

(Figure  3-12) 

We  found  that  the  first  exotherm  has  an  initiation 
temperature  of  138  degrees  Centigrade  and  the  second 
exotherm  starts  at  163  degrees  Centigrade.  For  this 
preliminary  analysis  we're  treating  the  second  exotherm  as  a 
single  reaction. 

Now  the  adiabatic  temperature  rise  shown  in  this 
column  is  proportional  to  the  energy  released  by  these 
reactions,  and  our  preliminary  analysis  shows  that  both 
exotherms  are  represented  by  first  order  reactions  with 
apparent  activation  energies  of  54  and  36  kilocalories  per 
mole  respectively. 

(Figure  3-13) 

This  slide  shows  the  pressure/time  behavior  for 
this  reaction.  Again  we  see  exponential  behavior  and  the 
high  values  obtained  demonstrate  that  these  exotherms  indeed 
represent  a serious  safety  hazard. 
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Also,  the  fact  that  the  lithium-acetronitrile 
reaction  can  cause  cells  to  reach  the  initiation 
temperatures  of  these  exothermic  reactions  is  important. 

This  means  that  a significant  thermal  runaway  hazard  can 
exist  for  reverse  discharge  ceils  containing  excess,  lithium 
even  at  temperatures  near  ambient. 

We  are  now  in  the  process  of  conducting  similar 
investigations  involving  resistive  o\erdlscharge  ahd 
charging  of  lithium/sulfur  aioxide  cells.  Following  this  we 
plan  to  conduct  analytical  work  to  attempt  to, identify  the 
reactions  responsible  for  the  exotherms  we-'ve  detected. 

In  conclusion,  we  believe  that  the  accelerating 
rate  calorimeter  is  a powerful  tool  for  studying  the  safety 
problems  associated  with  iithiurti  electrochemical  Systems  ano 
hopefully  this  technioue  can  lead  to  a solution  to  some  of 
these  problems. 

We  also  wish  to  thank  the  Naval  Surface  Weapons 
Center  for  support  of  this  work. 

Thank  you. 

BISj  Any  questions  on  this  paperV 

HAMAN  (DuraceJD*  Can  you  explain  to  me  about  the 
S02  to  cathode  ratio?  You  showed  that.  How  did  you  arrive 
at  the  capacity  of  the  cathode? 

EBNERi  For  this  purpose  we  used  a nominal 
value  of  1 .44  amp/hours  per  gram  of  carbon  as  a baseline 
value.  That's  approximately  the  limiting  value  obtained  at 
low  current  densities. 

RAMAN*  Okay.  I asked  because  it  could  vary 
with  the  kind  of  process  you  use. 

EBNERs  Yes,  it  could.  But  this  is  based  on  our 
technology  at  the  present  time,  and  essentially  that's  the 
limiting  value  for  our  present  cathode. 

kAMAN*  lhank  you. 

CHODGSH  (Power  Conversion)*  On  one  table  you 
indicated  the  ratios  of  SD2  to  lithium  and  described  them 
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as  safe  limits.  If  my  notes  are  correct  it  was  25  milligrams 
of  SD2,  to  I milligram  of  lithium,  end  in  another  column  there 
was  a ratio  of  I .7  to  2 for  stability.  If  you  could  expound 
on  those  areas  I'd  appreciate  it. 

EBNEHs  The  first  value  that  I referred  to  was  the 
milliorams  of  sulfur  oioxioe  per  sguare  centimeter  of 
lithium  and  the  second  was  the  S02/Li  ratio.  These  are  both 
intended  to  represent  the  balance  between  sulfur  dioxioe 
and  the  lithium  metal  present. 

There's  a certain  threshold  of  sulfur  dioxide 
concentration  that's  reguired  to  inhibit  or  prevent  the 
1 ithium-acetronitrii  reaction.  And  vhat  we're  trying  to  do 
here  is  take  this  information  and  see  if  we  could  identify  a 
parameter  that  would  indicate  whether  or  not  this  reaction 
would  occur,  to  see  if  we  could  identify  a threshold 
concentration  level. 

Intuitively,  the  weight  of  sulfur  oioxide  per  unit 
area  would  be  the  more  reliable  indicator.  And  there's  been 
some  references  in  the  literature  that  a minimum  value  of  10 
milligrams  of  sulfur  dioxide  per  sguare  centimeter  of 
lithium  is  reguired  to  prevent  the  1 ithium-acetronitri le 
reaction. 

Our  results  indicate  that  this  indicator  is 
somewhat  rate-dependent,  however,  end  that  values  as  high  as 
25  milligrams  of  SQ2  per  souare  centimeter  of  lithium  were 
not  sufficient  to  prevent  the  reaction. 

Now  the  other  indicator  that  we  used  was  the 
sulfur  dioxide/lithium  ratio,  and  this  is  the  eouivalent  of 
sulfur  dioxide  per  eouivalent  of  lithium.  This  compares  the 
actual  quantities  or  concentrations  of  the  two  components. 
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ADVANTAGES  OF  THE  ACCELERATING  RATE  CALORINETER 


BEHAVIOR  OF  A TYPICAL  THERflAL  RUNAWAY  REAaiON 


TESTS  CONDUCTED  UNDER  ADIABATIC  CONDITIONS  SO  THAT  THE 

ZdLI  r 

RATE  OF  SELF-HEATING  CAN  BE  DETERMINED. 

uu  • 

INSTRUMENT  RUGGED  ENOUGH  TO  WITHSTAND  EXPLOSIONS. 
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PRESSURE  DATA  CAN  BE  OBTAINED. 

1 
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LARGE  SAMPLE  SIZES  CAM  BE  EMPLOYED. 

ia.1  ‘ 

GAS  SAMPLES  CAN  BE  COLLECTED  DURING  EXPERIMENT 

«i 

Figure  3-1 


THERHAL  DECOMPOSITION  OF  Di  (tert-Butyl)  PEROXIDE 
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Figure  3-2 


BEHAVIOR  OF  A TYPICAL  THERHAL:  RUNAWAY  REAaiON 


A. 


THERMAL  DECOMPOSITION  OF 
Dt  (t«t«Butyi)  peroxide 
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Figure  3-3 


ARC  Ll/SOj  CELL  DESCRIPTION 


t ELECTRODE  CONFIGURATION! 

• ELEaRODE  AREA! 

• CAPACITY  I 

• EUaROLYTE  SOLUTION! 

• ANODE  COLLECTOR! 


REVERSE  WRAP 

APPROX.  70  CH^ 

APPROX.  l.R  Ah 

E.RO  WEIGHT  PERCENT  LlBn 
2S.6  WEIGHT  PERCENT  AN 
68.0  WEIGHT  PERCENT  SO2 

NICKEL  EXPANDED  METAL  GRID 


Figure  3-4 
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ARC  L1/SO2  CELL  HARDWARE 

Figure  3-5 


ARC  L1/SO2  CELL  DESIGNS 


DESIGN 

No. 

L1/SO2 

RATIO 

S02/C 

RATIO 

Li/C 

RATIO 

I 

0.5 

1.25 

0.625 

LITHIUM  LIMITED 

II 

1.0 

1.25 

1.25 

COULOMBICALLY  BALANCED  (BASELINE) 

III 

1.0 

0.5 

0.5 

EXCESS  CARBON 

IV 

i.s 

1.25 

1.875 

EXCESS  LITHIUM 

Figure 

3-6 

CELL  STATUS  AT  END  OF  DISCHARGE  VS  DETECTED 
EXOTHERMS  DURING  VOLTAGE  REVERSAL 


Cell 

No. 

Cell  Design 

Current 

Density, 

mA/cm^ 

Sfi2ZLL 

SO2/L1  Area, 

Mo/rM^ 

Reverse 

Exotherms 

I-l 

LITHIUM  LIMITED 

1.0 

11.3 

31.3 

No 

II-l 

COULOMBICALLY  BALANCED 

1.0 

3.0 

13.8 

No 

1 1 I-l 

EXCESS  CARBON 

1.0 

2.0 

17.A 

No 

IV-1 

EXCESS  LITHIUM 

1.0 

0.19 

e.AA 

Yes 

1-2 

LITHIUM  LIMITED 

5.0 

7.0 

A1.5 

No 

1 1-2 

COULOMBICALLY  BALANCED 

5.0 

1.1 

23.0 

Yes 

1 1 1-2 

EXCESS  CARBON 

5.0 

1.7 

25.5 

Yes 

IV-2 

EXCESS  LITHIUM 

5.0 

O.AA 

25.2 

Yes 

Figure  3-7 
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Figure  3-10 
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THERIWL  BEHAVIOR  OF  ELEVATED  TEMFERATURE  EXOTHERHS 


Mielfrfcil  Abiiluti  Tnifirttuti  « IO*«  t/*X 

Figure  3-11 


SUfmARY  OF  HAJOR  ELEVATED  TEflPERATURE  EXOTHERKS 


EXOTHERM 

NO. 

INITIAL 

TEMPEfiATURE,»C 

FINAL  , 
TEMPERATURE<FC 

ADIABATIC 

TEMPERATURE 

RISE/C 

REACTION 

.ORDER 

ACTIVATION 

ENER6Y 

KCal/hoU 

1 

i:b 

163 

26 

1 

SR 

2* 

163 

200 

37 

1 

36 

* THE  DATA  INDICATE  THAT  THIS  MY  ACTUALLY  BE  THO  REAaiONS. 

Figure  3-12 

PRESSURE  BEHAVIOR  OF  ELEVATED  TEMPERATURE  EXOTHERMS 
CELL  NO  IV-1 
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ALTERNATE  SEAL  CONFIGURATION  FOR  LITHIUM  PRIMARY  CELLS 


J.  Kelley 
Honeywell 

At  this  time  I would  like  to  ecknowledoe  that  the 
work  done  to  prepare  for  this  paper  vas  done  under  contract 
to  Sandia  Laboratories  and  express  our  appreciation  fdr 
their  continued  support  of  the  lithium  sulfur  dioxde  system. 

(Figure  4-1 ) 

A problem  was  found  in  hermetically  sealed 
lithium/sulfur  dioxide  cells  in  relationship  to  the 
glass-to-metal  seals  that  are  commonly  used.  This  problem 
consisted  of  a degradation  of  the  glass  when  it  was  exposed 
to  160  degrees  Fahrenheit  storage  for  any  length  of  time. 

The  glass  degradation  mechanism  was  attributed  to 
lithium  reacting  with  glass  which  was  a result  of  deposition 
of  lithium  at  the  glass/metal/electrclyte  interface. 

The  worst  degradation  was  observed  when  cells  were 
storec  in  the  inverted  position.  This  degradation  had  two 
inherent  failure  modes?  one  being  the  oeposition  of  lithium 
on  the  glass  which  made  the  glass  conductive  and  applied  a 
parasitic  load  between  the  positive  tenninal  pin  and  the 
negative  case  which  eventually  led  to  self-discharge , 

The  second  failure  mode  was  weakened  glass  due  to 
chemical  reaction  which  ieo  to  embrittlement  and  stress 
cracking.  k\'here  this  happened  the  seal  integrity  was  lost 
end  you  hed  leakage  of  electrolyte. 

(Figure  4-2) 

In  defining  the  problem,  alternate  sealing  methods 
were  looked  into  and  one  that  seemed  to  have  good 
possibilities  was  a modified  Ziegler  seal.  This  consists  of 
a crimp  type  soft  seal  using  a plastic  annulus  and  a metal 
tube.  This  seel  could  be  effected  with  a variety  of 
materials  which  meant,  through  careful  selection,  that  all 
the  seal  materials  could  be  picked  in  such  a way  as  to  be 
chemically  and  electrochemically  stable  in  the  system. 
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other  advantages  of  the  Ziegler  seal  were  the 
ability  to  use  an  e/itire  aluminum  positive  connection  and 
eliminate  tantalum  from  the  design.  Tantalum  was  used  due 
to  the  diverse  coefficients  of  thermal  expansion  between 
aluminum  and  most  glasses.  Tantalum  had  experienced 
corrosion  problems  in  high  temperature  storage,  which  were 
usually  linked  with  electrolyte  degradation  or 
decomposition. 

The  literature  had  shown  that  Ziegler  seals  were 
made  that  had  comparable  leak  rates  to  standard  glass  to 
metal  seals  ana  were  potentially  able  to  survive  harsher 
environments  such  as  shock  and  vibration  and  temperature 
cycling.  Ana  combined  with  the  mechfnical  simplicity  of  the 
seal  end  the  environmental  survivability,  these  seals  could 
be  made  cost  effective. 

(Figure  4-3) 

This  is  a simplified  cross  section  of  a Ziegler 
seal.  It  illustrates  the  basic  principle  of  the  seaJ’as  a 
long  leakage  patn  with  a very  small  cross  sectional  area 
that  is  crimped  using  multiple  crimps. 

In  our  particular  design  we  had  a 304  stainless 
header  and  a standard  304  stainless  tube  which  is  laser 
welcied  at  this  point  to  the  header.  And  we  had  aluminum 
wire  with  a plastic  coating.  Our  plastic  coating  was  a 
continuous  coating  on  the  length. 

In  our  design  we  had  useo  live  .individual  crimps 
w'lth  a quarter  of  an  inch  separation  between  crimps,  and  the 
reduction  in  diameter  due  to  the  crimping  was  labout 
ten-thousandths  of  an  inch.  These  seals,  when  they  were 
tested  using  a,  leak  tester,  showed  leakage  rates  that  met 
the  requirements  commonly  used  for  glass  metal  seals. 

Having  established  the  feasibility  of  the  seal 
itself,  incorporation  into  the  lithium/sulfur  dioxide  system 
was  begun,  the  first  task  being  to  find  plastic  materials 
that  were  compatible  electrochemical Jy  and  chemically  to  the 
system.  The  two  that  were  chosen  were  Halar,  which  is  a 
copolymer  of  ethylene,  trif luoroethylene,  and  Tefzel,  which 
is  ethyl ene-tetraf luoroethylene. 

To  establish  electrochemicel  compatibility  the 
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method  of  Jantz  was  used*  and  this  method  involves  a .04 
percent  lithium  amalgam  and  the  sample  is  50  percent 
immersed  for  seven  days  at  room  temperature. 

Prior  to  actually  building  cells  with  these  seals, 
dummy  Ziegler  Halar  D cells  were  built.  These  contained 
electrolyte  and  some  scavenger  lithium.  They  were  thermally 
cycled  at  15  degrees  Fahrenheit  to  loO  degrees  Fahrenheit 
for  four  hours  at  each  extreme. 

These  tests  proved  that  there  was  hermetic ity  in 
the  design  and  to  date  there  has  been  no  weight  loss  or 
visual  evidence  of  leakage,  and  they^ve  been  on  test  for 
five  months,  he  felt  at  this  time  there  is  justification  to 
build  140  Ziegler  Halar  sealed  cells,  and  they  were 
basically  of  a D configuration. 

(Figure  4-4) 

The  basic  design  for  the  ceil  was  a D diameter 
•jellyroll  wrap  with  a shortened  length.  The  Ziegler  seal 
was  inserted  down  the  center  of  the  wrap  and  a positive 
connection  was  made  to  the  aluminum  wire  at  the  bottom  of 
the  wrap,  the  negative  connection  to  the  case. 

(Figure  4-5) 

These  cells  were  then  filled  and  were  put  through 
a text  matrix. 

(Figure  4-6) 

This  was  the  feasibility  text  matrix  for  the 
Ziegler  Halar  seals.  This  was  to  determine  the  effect  of 
storage  on  cells. 

The  storage  plan  consisted  of  taking  baseline 
cells  and  discharging  them  at  6.25  ohms  at  room  temperature, 
taking  two  other  sets  of  cells,  putting  them  on  storage  at 
thermal  cycling  each  for  four  hours  - 15  degrees  Fahrenheit 
and  130  degrees  Fahrenheit,  and  taking  these  cells  off  test 
at  one  and  three  months  to  determine  the  effects  on 
capacity. 


The  second  set  of  tests  run  were  to  determine  the 
effects  of  mechanical  and  electrical  abuse.  These  tests 
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consisted  of  a short  circuit  test,  a forced  discharge  to  200 
percent  of  initial  capacity,  a drop  test  which  is  a l,000g 
shock  in  the  horizontal  end  vertical  axis,  and  a vibration 
test  which  was  defined  by  D0T-'E-7052,  which  is  the  standard 
transportation  shock  and  vibration  requirement  for 
lithium/sulfur  dioxide  cells. 

(riqure  4-7) 

This  shows  the  results  of  the  storage  test.  The 
baseline  cell  delivered  approximately  7.9  ampere-hours  and 
after  three  months  cyclic  storage  the  capacity  loss  was 
approximately  .3  ampere-hours. 

(riaure  4-8) 

This  slide  and  the  next  one  show  typical  discharge 
curves,  voltage  versus  time.  This  is  for  a fresh  cell. 

(Figure  4-9) 

And  this  is  for  a ceil  that  has  been  stored  for 
three  months,  or  95  days.  As  you  can  see,  the  curves  are 
ouite  similar,  the  only  difference  being  a slight  decrease 
in  capacity  on  the  stored  cells. 

(Figure  4-10) 

During  abuse  testing,  there  were  actually  no 
unexpected  problems  from  short-circuiting  the  cells.  Cell 
peak  currents  were  approximately  50  amperes,  and  the  safety 
mechanism,  which  is  a coined  slot  vent  at  the  bottom  of  the 
ceil  case,  functioned  as  it  normally  does  in, our 
glass-to-metal  seal  cells. 

In  cell  reversal,  cells  were  driven  into  reversal 
up  to  200  percent  of  their  initial  capacity,  and  there  were 
no  problems.  There  was  no  venting  oi  the  cells,  and  no 
evidence  of  leakage,  either  from  visual  Inspection  or  weight 
loss , 


The  drop  test  anc  vibration  test  had  no  effect  on 
seal  integrity.  It  also  heo  no  effect  on  the  performance  of 
the  cells. 


(Fiaure  4-11) 
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In  conclusion,  we  feel  that  the  feasibility  of  a 
Ziegler  seal  in  the  lithium/sulfur  dioxioe  svstem  has  been 
demonstrated.  The  hermeticity  was  meintaineo  under  both 
thermal  cycling  conditions  ana  continuous  exposure  to  160 
degrees  F.  Ihe  cell  is  easily  adapted  to  using  only 
chemically  and  electrochemically  inert  materials  such  as 
Halar  end  'lefzel. 

Ihe  abuse  testing  showed  that  even  in  the 
unoptimized  configuration,  these  cells  were  able  to 
withstand  stancard  ebuse  for  lithium/sulfur  dioxide  cells 
and  the  key  advantage  of  the  Ziegler  seal  is  that  it  can  be 
optimi?ed  and  it  can  be  adapted  to  other  -lithium  systems 

The  areas  where  this  can  be  done  are  component 
materials.  These  materials  can  be  picked  to  be  compatible 
vath  other  electrochemistries,  and  the  mechanical  properties 
of  the  materials  can  be  optimized  to  make  cells  that  have 
better  seal  integrity. 

The  structural  integrity  can  be  optimized  by  doing 
more  analytical  work  on  the  natural  crimping  patterns  and 
the  size  of  crimp. 

Reproducibility  of  the  Ziegler  seal  is  quite 
good.  It's  8 very  simple  oesign.  The  integration  into  the 
cell  is  easy.  Such  things  as  using  the  Ziegler  seal  as  a 
mandrel  for  the  Jellyroli  wrap  and  other  things  will  be 
investigated. 

And  the  cell,  since  it  uses  standard  components, 
will  be  very  cost-effective  while  still  being  rugged  and 
reliable.  Continued  development  of  these  seals  should  yield 
an  effective  alternative  to  the  glass-rnetal  seals. 

DISCUSSION 

HENNIGAN  (Bedford  Engineering)*  When  do  you  make 
that  laser  weld  in  there?  Is  the  plastic  assembled  in  a 
tube  or  do  you  — 

KELLEY*  No,  it's  previous  to  that, 

HENNIGAN*  Okay. 

KELLEY*  The  sleeve  and  header  are  welded 
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together,  then  the  wire  Is  inserted. 

HENNIGAN*  OJcay.  Thanks  a lot, 

WATSON  (SAFT)*  Would  you  care  to  project  on  the 
estimated  cost  of  producing  this  seal  as  compared  to  the 
class  seal  In  a large  quantity  purchase? 

KELLEY*  I really  couldn't  give  you  exact  numbers. 

WATSON*  Do  you  think  it  would  be  more  expensive 

or  less? 

KELLEY*  No,  it  would  be  less  expensive. 

WATSON*  Thank  you. 

ALLVEY  (SAFT)*  On  your  temperature  cycling,  can 
you  give  an  indication  of  the  period  over  which  the 
temperature  changed?  You  went  from,  say,  lb  to  130  in  what 
sort  of  time? 

KELLEY*  It's  approximately  20  minutes. 

THOMAS  (RAY-O’-VAO*  You  have  used  the  term 
"crimp*'  but  I*‘m  not  sure.  Do  you  mean  a crimp  in  the  sense 
th^t  you  nip  the  tube  between  two  counterposed  Jaws,  or  did 
you 

KELLEY*  Yes,  we  actually — 

THOMAS*  — reduce  the  diameter  of  the  tube? 

KELLEY*  You  reduce  the  diameter  of  the  tube. 

IHOMAS*  I see.  In  other  words  it  is  more  of 
a swaging  inward  of  the  material. 

KELLEY*  Yes. 

IHOMAS*  Thank  you. 

OTZINGER  (Rockwell)*  I notice  you  are  usina  an 
alyminum  lead  then  up  through  that  — 

KELLEY*  Yes,  an  aluminum  wire. 
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QTZINGER*  That-'s  kind  of  nastv  to  connect  to 
that.  Are  you  qoing  to  continue  doing  it  that  way  or  are 
there  other  metals  that  might  be  a little  easier  for  us  to 
attach  to?  You  know,  we  can't  solder  to  aluminum. 

KELLEYS  \es,  J know. 

QTZINGER*  We're  going  to  have  to  come  up  with 
some  kind  of  a special  crimp. 

VOICE*  It's  not  worse  than  tantalum. 

KELLEY*  That's  not  good,  either. 

FELDHAKE  (RAY-Q-VAO*  You  showed  a D sized  cell 

there. 

KELLEY*  \es. 

FELDHAKE*  How  long  was  the  Ziegler  seal?  How  far 
did  it  go  into  the  cell? 

KELLEY*  It's  approximat elv  two  inches. 

FELDHAKE*  Really. 

JACTD  (Power  Conversion)*  You  mentioned 
hermeticity  but  you  said  it  was  approaching  some  value. 

Could  you  tell  us  what  that  value  is? 

KELLEY*  Ihe  standard  for  class-metal  seals  is 
2 X 10“°  cc  per  second  of  helium  and  we  test  all  our 
glass-metal  seals  at  this,  and  we  tested  these  seals. 

And  unless  it  has  a better  leakage  rate  than  that,  they  are 
not  acceptable. 

JAGID*  I see.  How  does  that  compare  with  sulfur 
dioxide  instead  of  helium  at  elevatec  temperatures? 

KELLEY*  Sulfur  oioxide  would  be  a larger  molecule 
and  would  be  less  permeable  in  the  plastic  material  so  it 
would  be  a lower  leakaae  rate. 
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STATEMENT  OF  PROBLEM 


• Euss  SEAL  USED  IN  STD.  Ll/SOo  CELLS  DEGRADED  DURING 
HIGH  TEMPERATURE  STORAGE  (160"F) 


s Glass  degradation  mechanism  attributed  to  Li  reaction 

HITH  GUSS  RESULTING  FROM  DEPOSITION  OF  Ll  AT  GUSS/ 

metal/electrolyte  interface. 


t Worst  degradation  was  observed  when  cells  were  in 

INVERTED  POSITION. 


• Failure  Modes i 

- Rendered  guss  conductive,  leading  to  self-discharge  of 

CELLS. 

OR 

- Weakened  glass,  leading  to  stress  cracking  and 
subsequent  leakage  of  SO2 


CESIGN  APPROACH 

t Prior  work  in  seal  design  suggested  a modified  Jiegler 

SEAL  AS  AN  ALTERNATIVE  TO  GUSS-TO-METAL  SEALS. 

« Seal  could  be  effected  utilizing  materials  chemically  and 

ELECTROCHEMICALLY  COMPATIBLE  WITH  THE  L1/SO2  SYSTEM. 

* Elimination  of  tantaluh/aluminum  connection  and  thus  the 
POTENTIAL  TANTALUM  CORROSION  OCCASIONALLY  IN  EVIDENCE  IN  CELLS 
STORED  AT  ELEVATED  TEMPERATURES. 

* HERMETICITY  comparable  to  STD.  GUSS-TO-METAL  SEALS. 

* Optimization  potential  in  the  areas  of  evironmental  survivability 

AND  PRODUCIBILITY  WHICH  WOULD  YIELD  A RELIABLE.  COST  EFFECTIVE 
SEAL  CAPABLE  OF  MEETING  DEMANDING  REQUIREMENTS. 


* McHenry  E.  J.  and  Hubbauer.  Hermetic  Compression  Seals  for 
Alkaline  Batteries.  J.  Electrochem.  Soc.:  Electrochemical  Science 
AND  Technology.  Vol.  119.  No.  5.  567-568.  Hay  1972. 


Figure  4-1 


Figure  4-2 


ZIEGLER  SEAL  CELLS 


» Investigated  chemical  and  electrochemical  compatibility  of 
TWO  halocarbon  rustics,  both  demonstrated  compatibility. 

Halar  <ECTFE) 

Tefzel  (ETFE) 

- Method  of  Jantz*  was  used  to  test  the  resistance  of  both 
FUSTICS  TO  electrochemical  REDUCTION. 

Plastics  were  50X  immersed  in  O.OIiZ  Li  Amalgam  for 
7 DAYS  AT  ROOM  TEMP. 

• Prior  to  actual  cell  builds,  'dummy*  Ziegler/Halar  'D'  cells 
(contained  only  electrolyte  and  lithium)  were  thermally  cycled  - 
+15°F  (9  hours)  and  +130°F  (9  hours)  - for  hermeticity.  To  date. 
NO  WEIGHT  LOSS  WAS  OBSERVED  AFTER  5 MONTHS  OF  THERMAL  CYCLING. 

• A TOTAL  OF  190  Ziegler/Halar  cells  were  built  for  performance 
EVALUATIONS  INCLUDING  STORAGE  AND  ABUSE  TESTS. 


•Jantz.  J.  et  al..  Ouantitative  Explanation  of  the  Mechanism  of 
Corrosion  of  Polv  (tetrafluoroethylene)  Caused  by  Active  Alkali 
Metals.  Journal  of  Applied  Polymer  Science.  19.  3201-3210.  1975. 


Creta  Sacttenal  Vlaw  of  CrUp  Saal 


Figure  4-3 


Figure  4-4 


Figure  4-5 


TEST  PLAN  FOR  ZIEGLER/HAUR  CELLS 


• To  DETERMJNE  THE  EFFECT  OF  STORAGE  ON  Zl EGLER/HaLAR  L1/SO2 
'D-  Cells 

Storage  Time,  months’ 

0 One Three 

Cells  Stored  on  . 

Open  Circuit  55  iO 

•All  cells  discharged  at  room  temp  with  6.25  ohm  loads 
••CtCLE  ^ HRS  AT  15°F;  4 HRS  AT  +130°F 

• To  determine  the  effects  of  mechanical  and  electrical  abuse 
ON  ZiEGLER/HaLAR  L1/SO2  "D"  cells. 

1.  Short  circuit  (5  cells) 

2.  Force  Overdischarge  (5  cells)  up  to  200Z  of  initial  capacity 

3.  Drop  Test  (5  cells) 

Shock  at  1000  g's  on  both  horizontal  and  vertical  axes. 

4.  Vibration  Test  (5  cells) 

DOT-E7052,8,e,1II 


Figure  4-6 


DISCHARGE  RESULTS  OF  ZIEGLER/HALAR  L1/SO2  'D'  CELLS 

Fresh  and  After  Varied  Storage  Conditions 


Discharge  Time,  Capacity, 


Storage  Conditions 

Time 

Davs 

Avg. 

HOURS 

Ahr 

Baseline 

) 

2.79 

17.7 

7.9 

2.79 

17.8 

7.9 

2.78 

17.5 

7.8 

2.79 

17.6 

7.9 

2.78 

17.7 

7.9 

2.79 

7.9 

Cyclic/OCV 

33 

2.79 

17.3 

7.7 

2.78 

17, K 

7.8 

2.79 

17.5 

7.8 

2.79 

17.3 

7.7 

2.79 

18.0 

8.0 

2.79 

7.8 

Cyclic/OCV 

9 

s 

2.76 

16.86 

7.45 

2.75 

16.85 

7.41 

2.78 

17.57 

7.82 

2.78 

17.37 

7.75 

2.77 

7.60 

Figure  4-7 


Cell  i 

123 

131 

134 

138 

151 

Avg. 

86 

88 

90 

91 

99 

Avg. 

H-74 

H-78 

H-80 

H-35 

Avg. 
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TIMC,  Houns  TIME,  HOURS 

Figure  4-8  ' Figure  4-9 


CONCLUSION 


ABUSE  TEST  RESULTS 

• Short  Circuit  - Cell  ventinc  mechanism  functioned  as  in 

CONVENTIONAL  CELL  WITH  GLASS-TO-HETAL  SEAL. 

• Cell  Reversal  • Results  comparable  to  conventional  cell 

WITH  GLASS'TO-METAL  SEAL. 

• Drop  Test  - No  degradation  of  seal  integritv 

• Vibration  - No  degradation  of  seal  integrity. 

Figure  4-10 


• Feasibility  of  Ziegler  seals  in  the  L1/SO2  system  has 

been  demonstrated  - A VIABLE  ALTERNATE  SEAL  FOR  THE 
L1/SO2  SYSTEM. 


• Cell  hermeticity  is  maintained^, under  both  thermal  cycling 

CONDITIONS  and  CONTINUOUS  EXPOSURE  TO  +1E0°F. 

• Cell  is  easily  adapted  to  using  only  chemically  and 
electrochemically  inert  materials. 

• Abuse  test  results  show  comparable  results  to  cells 
UTILIZING  GLASS-TO-HETAL  SEALS. 

• The  mechanical  simplicity  of  the  Ziegler  seal  lends  itself 

TO  OPTIMIZATION  AND  ADAPTATION  TO  OTHER  LITHIUM  SYSTEMS. 

- Component  Materials 

- Structural  Integrity 

- Producibility 

- Integration  into  Cell 

- Cost  Effectivity 

• Continued  development  should  yield  a reliable,  cost 

EFFECTIVE  ALTERNATIVE  FOR  GLASS-TO-HETAL  SEALS. 


Figure  4-11 
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RECENT  TEST  RESULTS  ON  LITHIUM  BCX  CELLS 


B.  Bragg 
JSC 

At  JSC  we-'ve  been  testing  some  Electrochem  lithium 
BCX  cells  lately.  We  tested  both  the  AA  and  D cell 
configurations.  I-'d  like  to  describe  the  kind  of  tests  we 
ran.  consisting  of  hazards,  off-limits  type  tests.  We  did 
some  performance  tests;  we  also  did  some  assembly 
qualification  tests  with  the  cells  or  batteries  installed  in 
equipment. 


(Figure  5- I ) 

The  purpose  we  are  pushing  in  the  work  we-'re  doing 
now  is  to  attempt  to  take  essentially  available  cells  from 
various  manufacturers  and  attempt  to  certify  those  cells  to 
an  envelope  of  requirements — hopefully  a rather  parametric 
set  of  requirements — trying  to  stay  ahead  of  some  of  the 
users  we  have  at  JSC. 

We've  been  simply  bombaroed  with  applications  of 
various  instrumentation,  primarily  for  small  cell 
applications*  instrumentation,  crew  equipment,  radios, 
flashlights,  you  name  It.  And  our  Intent  here  is  to 
generate  a family  of  cell  sizes  that  we  can  certify  to  a set 
of  requirements  that  future  users  will  be  able  to  aaapt  to 
with  very  minimal  delta  testing  required. 

The  problem  in  staying  ahead  of  these  users 
is  that  we're  trying  to  uphold  the  various  reouirements  that 
come  to  light  and  make  sure  our  parameters  are  selected  such 
that  we  meet  the  majority  of  those  people's  needs. 

What  has  been  happening  to  us  on  these  particular 
cells  is  that  the  users  are  coming  up  with  the  hard 
requirements  before  we  can  give  them  this  very  nice 
generalized  cell  to  meet  all  future  requirements.  So  we're 
training  our  users  right  now  is  what  it  amounts  to.  And  our 
intent  is  to  prove  to  ourself  or  disprove  to  ourself  that  we 
can  or  cannot  use  existing  cell  technology. 

(Figure  5-2) 
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The  kinds  of  tests  that  we're  doing  include 
hazards/of f-iimits  tests.  Each  of  these  tests  we  run,  we  ao 
an  acceptance  test  that  Pve  described  here  on  each  ceil. 

We  do  a visual*  we're  looking  for  anything  you  can  see  with 
visual  examination  — sort  of  a receipt-and~inspection  type 
test.  We  measure  dimensions,  we  measure  the  weight  on  both 
the  AA's  and  the  D cell.  Ihese  X's  indicate  a repeat  of  a 
reouirement  that  is  on  the  left  there. 

We  perform  a temperature  screen*  that's  simply 
taking  a cell  to  various  temperature  levels  and  looking  for 
leakage.  We  also  look  for  bulging  under  these  conditions. 

On  the  AA's,  you  see,  we  have  tested  to  125° F for 
two  hours  for  the  cells  that  we  would  intend  to  fly 
eventually.  We  take  the  D cells  to  200  deorees  for  two 
hours,  looking  for  leakage,  looking  for  bulging. 

The  length  measurements  I made  both  before  and 
after  the  temperature  screen. 

We  look  for  an  QCV,  as  indicated  here  on  the 
cells.  We  look  for  a load  voltage  check.  Both  these  tests 
are  six-minute  maximum  duration  tests.  The  AA,  we're 
looking  at  a 30-ohm  load  and  the  D,  a three-ohm  load;  both 
cells  should  give  us  at  least  three  volts  at  that  six-minute 
point. 


On  reversal,  we're  looking  at  voltage  reversal. 
This  is  the  overdischarge  condition.  For  our  AA  test,  we 
tested  at  65  and  125  milliamps.  Under  the  D,  we  tested  at 
those  three  rates*  one,  1.5  and  three  amps  under  room 
temperature,  minus  20  degree  F environments,  120  degree  F 
environments  in  both  Argon  and  in  a vacuum  environment. 

We  exposed  the  AA's  to  a meximum  of  300  degrees  F 
to  see  if  they  would  vent  at  that  point.  The  D's,  we  went 
ahead  and  heated  until  they  did  vent  and  recorded  those 
temperatures.  We  did  that  on  both  fresh  and  discharged 
cells. 


In  load  sharing,  what  we  were  looking  for  there 
was  to  see  if  there's  any  chance  at  all  of  getting  by 
without  diodes  under  parallel  load  configurations. 

My  feeling  is  that  we  would  not  fly  cells  without 
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that  diode  protection.  But  we  were  primarily  looking  for 
the  amount  of  charging  or  reverse  current  that  we  might  get 
through  the  cell  when  you  hooked  up  a discharged  cell  and  a 
fresh  cell  in  parallel. 

□n  the  AA's,  what  we  actually  did  was  hook  up 
four-cell  packs*  one  discharged  four-cell  pack  and  one 
fresh  four-cell  pack  in  parallel  on  a lOis-ohm  load.  The  D's 
were  run  with  three  cells  in  parallel. 

And  essentially  all  of  these  conditions  were 
pretty  well  prescribed  bv  several  applications  that  were 
in-hand  at  the  time  and  that  we  were  trying  to  spread  our 
data  to  meet  the  requirements. 

(Figure  5-3) 

Under  performance*  we  did  capacity  tests.  On  the 
AA,  we  looked  at  a couple  of  rates*  25  ma  and  65  ma 
at  those  three  temperatures  we  indiccteo.  On  the  D^s*  we 
had  three  rates  and  four  temperatures. 

The  room  temperature  indication  should  be  25 
degrees  F under  the  D.  25  degrees  F,  minus  40,  90  and  160. 

Ihose  rates  pretty  well  correspond  to  a range  of 
rates  we  were  looking  for*  that  is,  about  a half  an  amp, 
one  amp,  one  and  a half  amps. 

We  subjected  the  cells  at  the  cell  level, 
hard-mounted  cells,  to  shock  and  vibration  tests*  20  g peak 
for  11  millisecond  rise  on  both. 

We  also  conducted  a random  vibration  test.  Only 
the  maximum  level  do  I give  you  here,  and  that  is  the  0.1 
o SQUared  per  hertz*  I ouess  the  intearated  energy  is 
9.625  G(RMS). 

On  assembly  tests,  a couple  of  the  apolications 
have  run  through  their  qualification  testing,  and  those 
rates  on  D's,  at  least,  consisted  of  approximately  one  amp 
and  one  and  a half  amps  at  a number  of  temperature  extremes. 

(Figure  5-4) 

Some  results  on  the  D cells  under  short-circuit 
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conaitions.  We  tested  a total  of  about  36  cells  in  various 
configurations.  I guess  I should  point  out  first  that  all 
of  our  tests,  in  order  to  establish  some  sort  of  a worst-case 
base  position,  attempted  to  insulate  the  cells  and  run  them 
under  the  short-circuit  conditions. 

Once  we  established  v^at  our  thinking  was,  once  we 
established  the  maximum  temperature  you  could  get  to  with  no 
heat  rejection  or  no  heat  conduction  out  of  the  cell,  we 
could  back  off  from  there  in  our  designs  to  accommodate 
whatever  heat  rejection  was  required. 

It  turns  out  that  a ceramic  holder  — it's  a 
ceramic  foam  holder,  it's  a fairly  lightweight  ceramic. — 
does  have  heat  capacity.  And  the  heet  capacity  that 
that  holder  did  have  was  sufficient  in  all  those  tests  to 
keep  the  cells  down  below  this  300-degree  maximum  in  the 
range  that  I indicate  there*  163  to  290  degrees  H.  I 
indicate  that  we  did  not  get  any  venting  under  those 
conditions. 

I have  a footnote  that  we  did  get  some  venting? 
however,  what  we  found  is  that  in  oroer  to  try  to  oet  as  low 
an  impedance  as  we  could  on  that  particular  test,  we  wound 
up  with  a clamped  sort  of  an  arrangement  and,  in  doino  so, 
as  the  temperature  went  up  in  the  cell  and  the  cell 
attempted  to  bulge  or  move,  we  were  imposing  some  axial 
stresses  on  the  pin  that's  in  the  glass  seal.  And 
subsequently,  we  repeated  those  tests  without  that  feature 
in  our  holder,  by  going  to  this  Fiberfrax  insulation 
material — and  subseauently  got  no  vents  at  those  lower' 
temperatures . 

Let  me  comment  on  the  current  very  briefly.  The 
current  at  approximately  the  minimum  resistance  we 
could  put  on  the  circuit,  which  was  about  15  milliohms, 
turned  out  to  give  us  upward. of  20  amps.  At  greater  than  20 
amps,  we  wound  up  just  opening  up  the  cell  internally. 

We  would  fail  a tab-to-pin  connection  is  what  it 
amounted  to  and  the  short  went  away  end,  thus,  we  didn't 
maximize  our  potential  hazard.  We  thus  had  to  cut  back  on 
the  current,  i.e.,  increase  the  resistance,  cut  back  on  the 
rate  at  which  the  ceils  were  discharging  so  as  to  maintain 
that  current  for  as  long  as  the  cell  would  deliver  it  to 
maximize  the  temperature  effect  that  we  were  seeing. 
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The  Fibrefax  insulation  and  the  increased 
resistance  did  that?  almost  too  successfully,  1 might  add. 

In  Fibrefax,  it  turned  out  to  be  a very  good 
insulator.  We  essentially  let  no  heat  escape  from  the  cell. 
The  cell  definitely  has  sufficient  energy,  if  you  don't  let 
any  heat  out  of  it,  to  vent  — I call  it  vent,  it  vents,  all 
the  way  to  explodes.  OkayV 

We  did  a test  in  vacuum  on  some  eight  cells*  the 
first  five  were  mounted  directly  on  a piece  of  angle  iron 
connected  to  the  cover  of  the  chamber.  Just  that  two-line 
conduction  to  that  piece  of  angle  iron  was  sufficient  heat 
removal,  apparently,  so  that  that  cell  didn't  get  above  500 
degrees.  203  to  286  degrees  was  the  maximum  temperature  we 
saw  in  that  condition. 

We  subsequently  repeated  those  tests  with  a piece 
of  insulating  material  underneath  the  cell  to  isolate  it 
conduct ively  from  the  angle  iron  and  exceeded  300  degrees 
and  thus  vented. 

I might  mention  those  last  two  lines*  Those  eight 
cells  were  conducted  in  a temperature  environment  of  120  and 
160  degrees  F. 

(Figure  5-5) 

The  reversal  test,  the  overdischarge  test.  We 
used  47  cells  in  the  course  of  these  tests.  For  the  most 
part,  they  were  performed  in  various  holders  as  indicated 
here.  They  were  performed  on  three  cells  in  series.  We 
connected  a power  supply  to  the  cells  in  series.  We  found 
we  had  to  start  out  with  a purely  resistive  load  and  then 
switch  over  to  a power  supply  controlling  current*  else  we 
weren't  seeing  the  effect  of  the  voltage  delivery,  the 
initial  voltage  delivery  capability  of  the  ceil  if  we  Just 
connected  it  immediately  to  the  power  supply. 

In  the  ceramic  holder,  again  we  had  to  take  the 
cells  all  the  way  up  to  a three  amp  reversal  test  before  we 
got  over  300  degrees,  again  due  to  the  heat  capacity  of  that 
ceramic  holder. 

But  in  Fibrefax,  we  got  venting  in  every  case. 

3he  bulk  of  that  heat,  however,  we  were  generating 
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apparently  during  the  course  of  the  cischarge,  which  you 
would  expect.  These  are  relatively  high  rates  for  a D cell. 

And  the  last  line  indicates  to  you  the  point  at 
which  the  cell  went  to  zero  volts.  So  those  temperatures  we 
were  achieving  were  getting  pretty  close  to  the  300-degree 
level.  Just  on  the  basis  of  the  discharge. 

(Figure  5-6) 

We  exposed  12  cells  to  heat-to-vent  testing.  All 
of  them  achieved  approximately  300  degree  or  areater  before 
they  did  vent.  We  did  this  test  on  both  discharged  cells 
and  fresh  cells  to  observe  the  effect. 

(Figure  5-7) 

We  took  some  75  D cells  through  capacity  tests* 
four  temperatures,  three  rates.  We  were  testing  about  five 
cells  per  rate,  that  comes  out  to  about  60  cells.  We  threw 
in  an  extra  15  cells  on  a constant  current  to  ascertain  what 
kind  of  resistances  to  use. 

Again  the  rates  are  high  enough  such  that  we  were 
getting  a fairly  wide  spread  in  our  capacity,  particularly 
at  the  lower  temperatures.  It  indicetes  that  we  could  not 
expect  to  use  the  cell  at  these  rates  in  conjunction  with 
that  yery  low  temperature?  we  don^'t  get  a usable  capacity 
that's  worthwhile, 

I don't  have  specific  data  to  indicate  it  but  I 
feel  that  at  lower  rates  we  would  get  fairly  good 
performance,  even  at  these  lower  temperatures.  The  parallel 
load  sharing  gave  us  the  results  we  pretty  much  expected. 

Only  in  the  case  of  two  fresh  cells  with  one 
discharged  cell,  all  those  in  parallel  on  a two-ohm  load, 
did  we  get  any  reversal  at  all,  and  it  was  like  two  milliamp 
reversal  current.  When  I'm  saving  reversal  here,  I mean 
charging  current. 

The  fresh  cells,  of  course,  supplied  the  load. 

The  discharged  cell  had  been  discharged  down  to  about  a two- 
volt  end  voitaae,  so  it  wasn't  a totally  dead  cell.  It 
would  put  out  a very  low  level  current  in  parallel  on  a 
sharing  basis  with  the  fresh  cells. 
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And  we  saw  no  abnormal  temperature  rise  nor 
venting  in  the  course  of  that  test. 

(Figure  5-8) 

Going  to  our  AA's,  we  tested  approximately  50 
cells.  We  were  aiming  this  particular  test  — In  fact,  it 
was  a qual,  test  per  ses  we  didn'^t  have  time  to  do  a nice 
batch  of  engineering  evaluation  tests  and  to  turn  around  and 
set  forth  a oual,  criteri  a?  I had  to  make  those  up  ahead  of 
time.  I thought  I put  in  plenty  of  margin. 

We  had  a much  smaller  cell;  we  had  all  the  D cell 
experience  in  the  background.  Much  less  enemy.  We  had 
some  data  from  our  vendor  that  indicated  that  he  could 
insulate  cells,  short-circuit  them  and  not  get  venting.  And 
in  that  case,  the  energy  content  of  the  cell  was  not 
sufficient  to  give  you  venting  under  total  dissipation  of 
its  energy  inside  an  insulated  package. 

However,  we  didn^'t  have  any  problem  with  the 
short-circuit  tests.  We  didn't  insulate  the  cells  for  our 
short-circuit  tests,  we  put  them  in  a non-convective 
atmosphere.  Basically,  we  peaked  up  to  about  five  amps  on 
a 36-milliohm  short.  Now  tnat's  with  four  cells  in  series. 
We  reached  a maximum  temoerature  of, about  205  gegrees  in 
that  condition. 

On  reversal,  however,  we  ran  into  problems.  We 
testeo  three  four-cell  packs.  Two  ol  those  packs  were 
testeo  at  125  milliamps,  we  discharged  the  cell  at  some 
lower  rate  and  then,  upon  reaching  zero,  pushed  the  cells 
into  reversal  at  this  125  ma  with  power  supply.  We  also  did 
that  same  kind  of  test  at  65  ma. 

The  125-ms  test  gave  us  twc  ventings*  one  of 
those  occurred  by  a hole  being  burnec  in  the  cell  can. 

The  problem  we  have  with  that,  the  concern  it 
causes  us  is  that  the  cell  was  chucainq  along  at  about  100 
degrees  F or  so  and  it  was  in  reversel';  it  was  aporoximately 
minus-0.4  volts  in  reversal  and  had  cnly  been  in  reversal 
for  two  or  three  hours  or  so.  It  experienced  a thermal 
event  of  some  sort  with  resulting  venting. 

In  other  words,  unlike, the  D cells  where  we  think 
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we  have  pretty  well  established  a ventinq  incident 
temperature,  namely  300  degrees  F on  the  D cell  in  that 
configuration,  this  cell  was  only  at  100  degrees  and 
experienced  a very  high  temperature  event  at  which  the  cell 
opened,  a hole  was  burned  in  it. 

l^e  also  experienced  — on  removal  of  that  one  cell 
out  of  that  pack  and  continuing  on  with  three  cells  left  in 
the  pack,  we  experienced  a vent  through  the  glass  seal. 
However,  we  had  to  push  the  power  supply  up  to,  like, 
minus  20  volts  per  cell  to  get  that  particular  venting, 
which  is  not  at  all  the  realistic  condition  under  a 
four~cell  series  battery  kind  of  situation. 

Under  high  temperature  exposure,  we  have  taken 
them  to  300  degrees  max.  i^e  got  no  \enting. 

Under  parallel  load  sharing  with; two  four-cell 
packs  as  I described  earlier,  we  saw  no  abnormal  temperature 
rise  nor  any  venting. 

We  got  very  minimal  load  sharing  as  the  fresh  pack 
ran  down  and  the  discharged  pack  was  able  to  pick  up  some 
amount  of  current. 

(Figure  5-9) 

The  capacity  results  on  the  /'A's  — a fairly 
minimal  number  of  cells  were  testeo  here. 

Under  room  temperature,  160  decree  F and  minus  40° F, 
three  environments  (we  tested  two  rates  at  room  temperature) 
for  cells  in  a series  string  to  approximate  eno  voltage  of  two 
volts  per  cell  is  what  the  test  involved. 

3y  projecting  those  out,  we  got  an  average  of  about 
two  ampere-hours,  which  is  the  manufacturer's  spec 
essentially  at  20  ma  at  room  ten)peraturp . However,  the 
range  of  capacities  was  greater  than  what  we  would  have 
liked  to  have  seen*,  they  ranged  from  one  and  thr ee-nuarters 
to  two  and  a Quarter. 

At  higher  rates,  where  we  expected  to  see 
1.6  to  1.75  ampere-hours,  again  only  12  cells  were  tested  in 
that  mode.  We  ranged  from  one  ampere-hour  to  almost  two 
ampere-hours,  with  an  average  of  about  1.53  averaging  the 
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entire  12  cells.  This  is  a little  more  variation  than,  as  I 
say,  we  would  have  liked  to  have  seen. 

Very  few  cells  were  tested  on  either  the  160  or 
minus  40  degree  F modes,  and  also  not  very  much  differences 
in  these  capacities.  The  results  you  see  there. 

(Figure  5-10) 

To  summarize,  we  have  taken  D cells  through  a 
series  of  tests,  both  in  terms  of  performance  and  off-limits 
tests.  We've  described  those  tests  with  what  becomes,  1 
guess,  a specification  and  have  an  approved  certification  of 
the  D cells.  That  is  for  a given  envelope  of  conditions. 
Okay's  ^ 

That  envelope  is  described  by  the  report  I have 
listed  here.  That  certification  is  at  a ceil  level  and  a 
user  at  JSC  who  wants  to  use  this  particular  cell  can  use 
that  data  base  then  to  put  tlie  cell  into  an  application, 
making  sure  that  its  application  falls  within  the  envelope 
that  we've  established  and  take  his  packace,  then,  as  an 
assembly  with  the  battery  installed  end  perform  a qual  test 
on  it  and  receive  approval  for  flight.  Ihis  approval  for 
flight  extends  to  manned  applications,  in-cabin  use. 

□n  the  AA  cells,  we're  a little  bit  further  awev 
yet.  We  are  presently  in  the  process  of  signing  off  a 
certification,  a limited'  certification  for  AA  cells  for  one 
particular  application*  a SUMS  application;  that's  Shuttle 
Upper  Atmosphere  Spectrometer.  It's  located  in  the  front 
wheelwell  and  is  not  in  the  cabin.  It's  aoproximatelv  a 20 
ma  rate. 


In  our  qual  testing,  we  hao  to  back  off  of  our 
criteria  to  the  extent  that  we  got  this  thing  under  the 
wire.  We  hope  to  go  ahead  and  continue  to  work  on  this 
particular  cell  configuration,  possibly  modifying  it,  and 
achieve  a general  certification  of  it,  much  as  we  have  with 
the  D. 


The  applications  that  I've  just  listed  there,  to 
give  you  a sampling  of  the  kinds  of  things  we're  looking  at* 
The  WCCU  is  a Wireless  Crew  Communlcetion  Unit.  You  may 
have  heard  the  crewmen  complaining  — not  the  most  recent 
mission,  but  on  STS-1  about  all  the  extension  cords  they  had 
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to  drag  around  through  the  vehicle. 

On  this  mission  they  used  a wireless  communication 
unit  strapped  to  the  leg.  Only  it  had  alkaline  cells  in  it, 
the  old  penlight  ceJl.  We  were  not  able  to  get  the  lithium 
/A  in  time  to  use  that.  It^s  a ten  cell  alkaline  battery; 
about  a 15-volt  battery. 

if^hat  we  do  for  the  lithium  configuration  is  to  use 
the  same  battery  case;  we  use  two  fcur-ceil  strings.  That's 
the  reason  for  aJl  the  four-cell  testing  you  saw  earlier. 

We  do  hope  by  STS-4  to  have  the  AA's  in  a 
certification  status  with  additional  testing  such  that  we 
can  fly  that  on  STS-4. 

We  have  various  other  equipment  that  would  use  the 
AA,  also  the  D's.  On  STS-3  there  is  a data  recorder  that  is 
going  to  fly  using  two  D cells,  a twc  D-ce.U  battery. 

In  all  these  packages,  we  pay  oreat  attention  to 
protective  circuitry  and  diodes,  fuses,  heat  sinking,  such 
that  we  feel  we  can  fly  these  oatteries  with  confidence  that 

we  can  keep  those  temperatures  down,  well  under  the  limits 
that  we  found  at  v/hich  they  will  vent. 

That  concludes  the  presentet ion . 

DISCUSSION 

KORNEY  (Fairchild)*  You  indicated  the  D cells,  as 
you  call  it,  vented.  Do  I understancj  correctly  these  are 
not  design-vented  cells  and,  if  not,  where  oid  they  vent? 

And  also,  where  did  you  measure  the  temperature  on  these 
cells;  as  you  indicated  the  300  degree,  especially  on  the  D 
cell,  temperature  at  which  they  seemed  to  vent? 

bRAGG*  My  word  "venting''  describes  the  minimal, 
the  minimal  release  of  the  insides  of  the  ceil  possible,  and 
that  will  range  from  a simple  vent  wl.ich  is  a leakage  up  to 
an  explosion.  Okay? 

-1 

When  we  get  cells  above  th£  lithium  melting 
temperature  — and  particularly  the  L cells;  we  haven't 
taken  a great  number  of  the  AA's  intc  that  kind  of  a test. 
But  on  the  D^s,  we've  taken  a goodly  number  of  them  past 
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the  lithium  melting  temperatures,  and  we  get  explosions. 

The  temperatures  are  measured  on  the  cell  case,  on 
the  metallic  case  of  the  cell?  both  on  the  end  of  the  cell 
end  on  the  cylindrical  surface. 

KORNEY*  V'Jhen  the  venting  occurred,  dio  it  occur 
at  the  giass-to-metal  seal? 

BRAGG*  For  instance,  in  the  ceramic  foam  holders 
where  it  was  meant  to  be  an  insulated  holder,  it  turned  out 
that  it  had  enough  heat  capacity,  enough  heat  sinking,  that 
it  was  removing  heat  at  some  rate  frcm  the  cell. 

None  of  those  cells  vented,  or  the  ones  that  did, 
we  feel  were  becatise  they  were  compressed  and  we  got  that 
axial  force  on  that  pin. 

But  if  we  take  the  cell  up  in  temperature  at  a low 
enough  rate  such  that  the  header,  with  the  glass  seal  in  it, 
starts  to  bulge,  that  glass  will  then  break  or  crack  and  we 
will  leak  the  gaseous  products  or  liouid  prpdi^ct  out  of  the 
cell.  That  is  the  minimum  sort  of  vent  that  I talk  about; 
it  will  leak,  in  other  words. 

Now  if  you  have  a thermal  situation  such  that  your 
heating  rate  just  accelerates  you  on  up  into  the  lithium 
melting  temperature  — and  I don^t  know  how  to  tell  you  what 
this  heating  rate  would  be  to  get  there  — but  you  can  get 
the  cell,  it  will  hang  in  long  enough  that  this  thermal 
event  or  exothermic  event  takes  place  and  you  get  the 
rupture,  the  detonation,  you  get  high  temperatures,  you  get 
melting  of  the  stainless  steel,  you  get  holes  in  that 
through  melting. 

>‘'ihat  it  appears  to  do  is  gc  first  throuoh  the 
seal,  it'll  blow  the  seal  out.  But  the  subseouent  high 
temperature  goes  ahead  and  either  ruptures  the  can  or  burns 
holes  in  the  can.  So  if  you  can  get  it  hot  enough,  you  can 
get  into  those  modes,  that's  right. 

HELLFRITZSCH*  I don't  know  what  a BOX  cell  is. 

I gather  it-'s  a cell  that  will  fit  in  your  envelope;  you 
described  your  envelope. 

You  obviously  tested  some  cells.  What  can  you 
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tell  us  about  what  type  they  were  anc  what  sortsV  The  only 
clue  that  I saw  in  all  of  these  thincs  was  there  was  a 3.9 
open  circuit  voltage.  It  would  seem  to  be  rather  unduly 
high.  So  what  can  you  tell  us,  so  we  know  what  these  test 
results  referred  to? 

BRAGG*  I‘'m  sorry.  I meant  to  do  that  at  the 
beginning  of  the  presentation  and  1 got  carried  away  on  my 
certification  lecture. 

The  cell  is  a bromine  complex.  It's  built  by 
Eiectrochem  Industries.  It's  a mixture  of  bromine  chloride 
and  thionyl  chloride.  That's  what  the  bromine  complex  is. 

All  of  the  cells  that  we  tested  in  this  prooram, 
both  the  AA^s  and  the  D's,  were  this  particular 
configuration.  The  D cells  were  a cell  with  lithium  on  the 
outside  and,  as  I understand,  it  has  lithium  excess.  The 
AA's  were  more  of  a balanced  cell  with  lithium  on  the  inside 
of  the  wrap,  with  the  carbon  on  the  outside.  Thus,  the  can 
on  the  AA  is  positive,  the  can  on  the  D is  negative. 

HELLhRlTZSCH*  And  who  made  them? 

BRAGG*  Eiectrochem  Inaustries. 

HELLER I TZSCH*  I see. 

BRAGG*  Clarence,  New  York. 

HELLFRITZSCH*  Thank  you. 

KORNEY  (Fairchild) : On  the  D ceils  that  you 
tested,  these  all  had  the  fusible  link  within  the  case  of 
the  battery  for  the  testing? 

BRAGG*  This  fusible  link  wasn't  a designed 
fusible  link,  it  just  turned  out  that  the  current  carryino 
capability  of  the  spot  weld  of  the  tab  to  the  pin  — there's 
a tab  coming  up  from  both  electrodes,  one  going  to  the 
carbon  on  the  lithium — on  the  D cell,  the  tab  coming  from 
the  carbon  goes  to  the  pin  at  the  top;  on  the  lithium,  the 
tab  goes  to  the  actual  can,  it's  welded  tojthe  can. 

What  we  feel  is  that  the  spot  weld  to  the  pin 
fails  at  about  25  amps,  20-25  amps  those  spot  welds  fail. 
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They  don't  necessarily  totally  open  up,  but  we  think  that 
enough  of  them  fail  such  that  you  can't  carry  a 
short-circuit  current  any  longer,  all  you  can  carry  is 
milliamps.  So  it  becomes  a high-impedance  connection  is 
what  it  amounts  to. 

On  future  cells  built  by  Electrochem,  they  are 
looking,  in  their  termination  assembJy  — not  inside  the  can 
structure,  but  on  the  outside  where  they  make  their 
connection;  they  are  currently  putting  in  a nicked-down 
version  of  a tab  that,  in  effect,  is  a fuse;  it  will  open 
up.  Seven  amps,  I think,  is  what  they're  currently  using. 
Future  procurements  will  probably  be  made  with  that  fuse 
incorporated  in  the  cell. 

OLBERT  (Bell  Aerospace);  In  the  present  STS/GAS 
applications  lithium  cells  are  forbioden.  Does  this  mean 
that  this  certification  now  means  that  lithium  cells  can  be 
used  for  GAS  applications? 

bRAGG:  I think  your  word  is  meybe  a little 

Strong,  "forbidden.*'  Probably  discouraged,  I think,  is 
probably  closer  to  the  wore  — 

OLBERT*  No,  it  says  they  are  forpidoen. 

BRAGG:  Gerry,  help  me  out  on  this*  Am  1 correct 

in  GAS  are  Goddard  --  Is  that  limited  to  Goddard,  the  GAS 
packages  ? 

HALPERT*  I think  it's  correct  that  they  are  being 
managed  by  Goddard  and  at  the  present  time  they're  all 
silver  zinc.  But  as  far  as  I know,  ve  woula  do  the  same 
thing  for  silver  zinc;  that  we  woulc  have  to  submit  our 
requests  for  changing  that  oower  source  to  Johnson  for  their 
approval . 


So  if  you  had  ideas  on  using  other  kinds  of  power 
sources  other  than  silver  zinc,  you're  certainly  welcome  to 
try  that  to  see  if  our  people  there  vill  approve  them. 

BRAGG*  They  are  not  forbioden  by  Johnson.  If 
they  are  — quote  — forbidden  but,  es  I say,  the  story  I 
got  - — the  only  interaction  I've  had  with  that  issue  is 
somebody  says  that  we're  strongly  recommending  that  they  not 
look  at  lithium. 
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BIS  (NSWC) * Bob,  on  your  STS-2  I notice  you  have 
a survival  radio.  Is  that  the  PRC-96? 

BRAGG:  Yes. 

BIS:  And  what  supply  are  you  using  in  that? 

BRAGG:  That  would  be  two  of  the  lithium  BCX 

cells,  D cells. 

BIS:  You've  never  flown  the  S02  in  it? 

BRAGG:  No,  that  radio  has  not  flown  yet.  And  I 

think  it‘'s  not  going  to  fly  until  5,  I believe,  STS-5. 

METHLIE  (Arlington,  Va.):  Bob,  two  questions: 

One,  with  the  cell  that  burned  the  hole  through  the  case, 
would  you  comment  on  the  location  of  the  hole  and  what  you 
think  might  have  induced  that  hole?  And  seconaly,  what  were 
the  ages  of  the  cells  at  the  start  of  the  test? 

BRAGG:  Essentially  any  cell  that  went  past 

lithium  melting  temperatures  exhibited  some  of  this  high 
temperature  on  the  case. 

The  one  cell  that  vented  on  AA  --  that  may  be  what 
you're  specifically  referring  to,  the  one  I mentioned  on  the 
AA  I don't  know  what  caused  that.  I think  that  what  may 
have  caused  it  is  enough  sulfur  was  formed  that,  when 
lithium  got  in  contact  with  the  sulfur,  v'e  got  the 
exothermic  event  that  normally  eccompani es ; that  reaction. 

We  were  not  able  to  tell  what  happened. 

What  we  are  looking  at  on  that  particular  cell  is 
a potential  reconfiguration  of  the  internal  configuration 
of  the  AA  cell. 

At  least  within  the  tempereture  regime  that  we're 
talking  about  we  have  not  seen  this  on  the  D's  below  a 
certain  tempereture.  Okay? 


And  that's  what  really  concerned  us,  the  level  at 
which  we  did  see  it.  I wouldn't  have  been  so  surprised  to 
see  it  if  we  had  been  pushing  the  cell  up  into  the  lithium 
melting  temperatures.  When  we  saw  it  at  alcell  temperature 
or  can  temperature  at  least  of,  like,  100  cegrees  r that 
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concerns  me 


So  the  difference  in  configuration  betw.een  that 
and  the  D we  think  may  be  a gross  answer  to  that  question. 
Yie  are  going  to  look  at  putting  the  lithium  on  the  outside 
of  the  wrap  for  the  AA^s  and  redo  some  of  our  tests  end  see 
what  happens. 


But  we-'ve  also  seen  that  high  temperature  event 
effect  on  the  cans  on  the  D's  when  we  get  into  these  very  high 
temperature  levels. 

METHLIE*  Where  was  the  hole? 

BRAGGS  On  this  particular  ceJl,  on  the  AA  celli 
it  was  near  the  bottom,  around  the  end  from  the  bottom.  On 
AA  cells  that  we'd  gotten  in,  we  had  seen  some  leakages  from 
holes. 

We  feel  like  what  we  were  seeing  there  is  a 
problem  — they  try  to  make  the  cell  in  a commercial 
configuration  with  the  little  button,  positive  button.  And 
since  the  can  is  positive,  that  button  had  to  be  swaged  into 
the  can  itself.  There's  thinnina  at  the  corners  of  that 
little  swaged  button. 

Out  of  500  cells,  we  got  six  in  that  leaked,  and 
we  think  that  it  resulted  in  very  thin  cracks  that  allowed 
access  of  moisture  and  the  reaction,  and  we  oot  little  holes 
right  in  those  corners  of  that  button  on  six  cells. 

However,  this  venting  situation  was  a hole  that 
was  not  down  at  the  button  per  se,  it  was  around  the  end 
from  the  button,  in  the  side  of  the  cell  case. 

MARSH  (Air  Force)*  Are  you  planning  on  certifying 

chemistry? 

BRAGG*  No,  we're  locked  in  on  AA  cells  — 

Whatever  it  is  we  have  our  test  experience  in,  you  know,  a 
conf iguration  — 

MARSH*  Ihe  lithium  S02  cell  from  a particular 

company? 

BRAGG*  Right  now  we're  Just  getting  into  this,  we 


intend  to  look  at  other  cell  chemistriest  yes.  Our  current 

plans,  though,  for  this  coming  year  et  least  don't  extend 
much  beyond  the  BCX  configuration  in,  say,  a C cell  and 
possibly  a DD. 

As  the  need  arises  and  as  applications  arise  that 
look  like  if  they  don't  have  this  particular  high  energy 
oensity  system  they  can  or  cannot  make  a flight  or  make  an 
application,  we  will  certainly  consioer  attacking  those  end 
attempting  to  certify  them. 

MARSH*  My  other  Question  is  if  you're  certifying 
a particular  chemistry,  are  you  given  complete  disclosure  of 
the  chemistry,  and  then  how  do  you  track  whether  it's  the 
same  cell  a year  from  now? 

BRAGG*  We're  going  to  have  to  depend  primarily  on 
the  goodwill  of  a vendor,  for  one  thing. 

(Laughter.) 

The  other  aspect  we  hooe  will  work  for  us,  and 
maybe  it-'s  a naive  approach,  but  our  acceptance  tests,  we 
hope,  will  uncover  any  changes  that  have  been  made  in  cell 
design  that  we're  not  aware  of  and  will  hopefully  highlight 
those,  in  which  case  we  will  attack  those  specifically. 

If  we  can't  get  the  cell  that  we  certified,  we'll 
stop  buying  the  cell.  We'll  uncertify  that  ceil  is  what  it 
amounts  to. 

HARRISMAN  (Eegle-Picher ) * Are  you  limited  to 
certification  of  payload  batteries?  This  is  not  a launch 
vehicle  or  external  tank,  is  it? 

BRAGG*  What  you  may  be  referring  to  is,  on  SRB 
and  ET  you  have  batteries  that  you-all  have  certified. 

The  classification  isn't  peyload  bay,  it's  JSC 
government  furnished  at  this  point  in  time,  is  what  it 
amounts  to.  These  are  particular  applications  that  JSC 
specifically  has  that  we're  trying  to  meet  and,  hopefully, 
we  will  be  able  to  meet  — once  certified,  we  will  be  able 
to  meet  other  applications  outside  JSC,  if  they  so  desire. 
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CASE-POSITIVE  VS.  CASE-NEGATIVE  DESIGNS  FOR  LOW-RATE 


LITHIUM  THIONYL  CHLORIDE  CELLS 
T.  Mahv 

CIA 

My  topic  is  what  I will  mostly  talk  about,  but 
it's  not  all  that  I'll  talk  about.  And  I'll  te.ll  you  in 
advance,  though,  my  slides  will  have  too  many  numbers  on 
them  for  you  to  read.  Concentrate  on  the  numbers  that  1 
point  at.  The  rest  of  the  numbers  are  there  for  you  to  have 
later,  I'm  using  this  talk  not  only  to  discuss  the  topic, 
but  also  to  make  public  some  very  interesting  data  that  I ao 
not  believe  has  shown  up  in  any  other  medium. 

(Figure  6- 1 ) 

I'm  going  to  talk  about  three  rather  different 
designs  here.  It^s  really  apples,  oranges  and  grapefruit, 
but  it's  about  all  you  can  get  hold  of,  if  you  think  you 
have  a problem  with  the  case  polarity  choice. 

This  is  an  outline  of  the  design  data  for  the  AA 
ceils  that  I'll  talk  about.  The  dimensions  are 
conventional.  They  are  bobbin  cathode;  the  electrolyte  is 
1 ..fa  molar  lithium  tetrachloraluminate;  glass -to-metal  seals 
with  7052  glass;  Kovar,  or  52  alloy  for  the  terminal  pins. 
The  interelectrode  area  is,  crudely,  14  square  centimeters. 

One  design  is  thionyl  chloride  limited.  Now  that 
means  that  you  run  out  of  thionyl  chloride  before  you  run 
out  of  anything  else.  These  cells  were  made  in  1976,  and 
that's  how  I'll  refer  to  them  from  here  on*  thionyl  chloride 
limited  AA's  made  in  1976. 

The  other  set  of  AA's  was  made  in  1977.  They  are 
lithium-limited.  And  they  are  truly  lithium-limited*  at 
the  end  of  a complete  discharge  the  lithium  is  completely 
consumed. 


(Figure  6-1  cont.) 

This  is  my  case-positive  example.  There's  only 
one.  It's  a D-size  cell,  conventional  dimensions.  The 
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electrodes  are  spiral  wound,  however,  not  .bobbin.  And  the 
electrolyte  solution  is  .5  molar.  In  the  first  two  cases, 
the  cells  are  made  low  rate  because  it-'s  a bobbin  type 
cathode  structure.  In  this  design  we  ha.ve  essentially  a 
high  rate  electrode  grouping,  but  the  cells  are  made  low 
rate  by  using  a low  concentration  electrolyte. 

Now  there's  a spin-off  adventage  to  the  low 
concentration  electrolyte,  in  that  it  contains  more  thionyl 
chloride  per  cubic  centimeter  than  the  more  concentrated 
ones  do.  For  low  rate  applications  this  is  not  as  crazy  as 
it  might  seem. 

The  glass-to-metal  seals*  I do  not  know  what  the 
glass  is  — I got  the  usual  deal  that  it's  the  standard  glass 
that's  put  into  these  seals.  The  pins  are  moly. 

The  cathode-to-case  attachment  — • now  remember, 
these  are  case-positive  cells,  so  this  matters  — it's  nickel 
welded  to  304  stainless  steel. 

The  lithium  electrode  current  collector  is  a full 
interior  nickel  exmet  grid.  The  interelectrode  area  is 
about  215  square  centimeters.  And  they  ere  thionyl  chloride 
limited.  Made  in  1978. 

Those  are  the  three  designs  I'm  going  to  talk 
about.  Now  I'm  going  to  tell  you  whet  my  results  are,  and 
then  I'll  show  you  the  data  that  lets  me  derive  those 
results. 


First  of  all,  case-positive/case-n6gative  does  not 
seem  to  have  much  bearing  on  storage.  Ihey  all  store  very 
well.  If  the  technology  is  advanced  to  modern  state  of  the 
art,  if  the  cells  are  made  cleanly,  vith  control  of  the 
things  that  you  normally  have  to  control,  storage  is  not 
affected  by  whether  they're  case-positive  or  case-negative. 

Low  rate  discharge  is  quit e . another  matter, 
however.  During  low  rate  discharge,  the  case-negative  cells 
show  a steadily  decreasing  capacity  as  you  go  to  lower  and 
lower  rates. 

Now  I should  say  that  the  correlation  coefficient 
associated  with  this  decrease  is  .997.  Never  in  my  career 
as  an  engineer  have  I had  a correlation  coefficient  like 
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that  from  engineering  data.  So  Km  inclined  to  believe  that 
the  trend  is  real  and  it's  unavoidable.  If  you  know  what  it 
is»  you  can  use  the  cell,  but  bear  that  in  mind.  That's 
the  main  conclusion  about  case-negative  designs*  at  low 
rates  the  capacity  is  much,  much  less  then  you  think  it-'s 
going  to  be. 

For  case-positive  cells,  that's  not  the  way  it  is 
at  all.  The  rate  doesn't  seem  to  ha^e  a whole  lot  of 
bearing  on  the  capacity  you  get  in  the  low-rate  regime.  I'm 
sure  if  I had  five-year  rate  data  or  ten-year  rate  data  on 
this  design,  I'd  have  to  revise  that  conclusion.  I only 
have  out  through  two-year  rate  data  on  the  case-positive 
design,  but  I do  have  five-year  rate  date  on  the 
case-negative  design. 

Now  the  final  conclusion,  naturally,  has  to  be, 
there's  something  wrong  with  the  case-positive  designs,  too. 
You  have  to  be  very,  very  careful  exactly  what  you  do  on 
that  positive  case.  This  weld  here  (cathode  collector  to 
case)  can  frequently  be  a major  cause  of  problem. 

Take  a completely  discharged  cell,  a cell  in  which 
the  thionyl  chloride  is  all  gone;  basically  it's  a sulfur 
dioxide  cell  now.  And  many  people  in  the  audience  know  very 
well  that  you  cannot  make  case-positive  lithium/sulfur- 
dioxide  cells.  Well,  apparently  you  can't  have  case-positive 
sulfur  dioxide  cells  that  are  created  during  the  discharging 
of  a thionyl  chloride  cell,  either  because  many  of  these 
cells  will  breach  their  cases  after  they  have  been  through  a 
complete  discharge. 


I'll  have  to  add  that  these  cells  have  always 
still  been  on  the  resistive  load- to  the  time  that  they 
breached  their  cases.  But  the  case  breach  is  always  at  the 
cathode  tab-to-case  weld. 

You've  seen  the  designs,  you've  heard  the 
conclusions.  Now  let  me  present  the  data. 

(Figure  6-2) 

I have  a lot  of  problems  in  my  mind  with  dealing 
with  small  sample  statistics.  And  Kve  wrestled  with  these 
problems  for  the  better  part  of  my  20-year  professional 
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career.  Hve  never  been  able  to  come  up  with  an  answer  that 
really  works,  but  for  this  kind  of  talk,  what  I-'m  going  to 
do  is  the  following* 

I will  talk  about  median  velues,  not  average 
values.  When  you^re  talking  about  experimental  ce.Jls, 
there-'s  always  the  inevitable  turkey,  and  the  inevitable 
turkey  is  very,  very  often  In  the  test  that  you  don't  want 
it  to  be  in.  So  I tend  not  to  talk  about  mean  values  or 
averages*  I talk  about  median  values. 

And  I have  a hard  time  believing  in  normal 
distribution  statistics  when  you're  talking  about  cells 
because  you  never  have  a cell  that's  3-sigima  above  the  mean, 
but  you  damn  sure  have  cells  that  are  20-sigma  below  the 
mean.  So  I will  not  use  normal  distribution  statistics  in 
this  talk. 


Now  that  really  nails  me  to  the  wall.  Now  how  do 
I talk  about  my  numbers?  I don't  have  a reliability  model, 
1 don't  have  any  kind  of  a probability  model.  We've  spent 
gooa  money  trying  to  get  one,  and  the  statisticians  always 
come  back  and  say  ^'There  ain't  one."  So  1 will  resort  to 
distribution-free  statistics,  which  means  I'm  making  the 
most  pessimistic  conclusions  that  it's  possible  to  make  — 
unless  I'm  willing  to  assume  that  there  was  no  control  over 
the  cell  manufacturing  process  at  all.  If  there's  any 
control  at  all,  then  distribution-free  statistics  will  give 
me  valid  pessimistic  statements. 

I have  never  been  burned  by  sticking  to  that  kind 
of  a presentation.  My  final  hardware  always  does  better 
than  I said  it  would,  and  therefore  people  are  happy, 
including  me. 

But  this  (the  slide)  is  here  for  reference.  If 
you're  talking  about  a 5-cell  sample,  and  you've  got  a 
median  value,  and  you  want  to  know  what  confidence  you  can 
have  that  that  median  value  is  where  vou  think  it  is, 
unfortunately  all  you  can  have  is  93.7  percent  confidence 
that  the  real  median  lies  between  your  poorest  and  your 
best.  So  you  don't  want  to  test  with  five  samples  very 
often,  unless  your  results  can  be  extremely  qualitative. 

This  (15  cells)  is  the  number  that  I like.  That 
says  that  you  can  have  96  percent  confidence  that  the  true 
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median  lies  between  your  fourth  cell  and  your  twelfth  cell , 
if  the  data  are  rank-ordered  on  the  capacity. 

(Figure  6-3) 

By  the  way*  there  was  a footnote  at  the  bottom  of 
the  previous  slide  that  tells  you  one  source  where  you  can 
read  about  distribution-free  statistics. 

This  is  my  test  plan  for  the  case-negative  1976 
design.  This  is  the  storage  data.  If  I had  this  to  do  over 
again,  I-'d  never  do  what  I did  here.  But  I was  young  and 
foolish  when  I set  this  up. 

i^hat  we  have  here  is  the  age  of  the  cell  in 
months?  and  this  is  age  after  closing  the  cell  (sealing  the 
cell)  it's  not  age  after  receipt  or  anything  else,  it's  age 
after  closing.  The  nominal  current  end  the  nominal  run 
times  are  here.  Now  the  nominal  currents  assume  a 3.5  volt 
operating  voltage.  The  tests  are  reelly  constant  in 
resistance.  And  the  nominal  run  time  assumed  1.8  ampere-hours 
from  the  ceil. 

Ana  then  over  here  you  have  the  replication  level 
that  1 used. 

Ihe  room  temperature  tests  are  split  into  two  groups. 
There's  the  10  mA  and  the  .6  mA.  Anc  the  .6  mA  at  -10  and  at 
120.  The  storage,  however,  is  all  room  temperature.  It's  the 
discharges  that  ere  at  the  various  temperatures. 

(Figure  6-4) 

Now  I switched  gears.  I told  you  what  I expected 
to  get  for  currents  on  the  first  page  and  what  I expected  to 
get  lor  run  times.  Now  I tell  you  wl,at  I really  got  for 
currents  and  what  I really  got  for  run  times  for  the  median 
cell,  and  where  there's  more  than  one  temperature,  it's  the 
median  cell  in  the  room  temperature  test.  So  these  are  kind 
of  ballpark  currents  for  all  of  the  cells  except  the  median 
at  room  temperature. 

If  you  want  to  know  what  kind  of  resistor  value 
1 used,  you  have  the  current  that  really  applies  to  the 
median  cell.  On  the  next  page  I'.ll  give  you  the  time 
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averaged  voltage  that  really  applies  to  the  median  cell,  and 
you  can  calculate  the  resistors.  But  most  people  at  talks 
like  this  don^t  respond  to  resistors.  I don^t . 

Let-'s  take  a look  at  the  data.  This  is  brand  new, 
so  to  speak.  This,  six  months  old,  this,  twelve  months  old 
and  this,  twenty-four  months  bid. 

If  you  look  at  the  93  percent  confidence  values  on 
these  medians,  you  might  be  able  to  say  that  there  has  been 
a change  from  there  (i  month  old,  lOrrA,  75*F)  to  there 
(24  months  old,  10mA,  75* F) . But  I don't  think  you  could 
really  statistically  justify  it.  And  if  you  looked  at  all 
the  data,  you'd  be  certain  that  you  couldn't  statistically 
justify  it. 

There  has  been  very  little  capacity  change  in  the 
iO  mA  tests  across  two  years  of  storage.  Now,  10mA  is  a 
high  rate  for  this  particular  ceil*  180  hour  rate  on  a 
bobbin  AA  — that-'s  a comparatively  high  rate. 

At  the  lower  currents,  we  start  out  here  (6  months 
oio,  0.6  mA,  75  F).  And  that  looks  like.  Gee,  maybe  there's 
a difference,  but  you've  got  to  remember,  those  are  four 
significant  numbers,  and  the  fourth  figure  is  not  justified. 

1 included  it  so  you  could  tell  the  difference  between  the 
median  and  the  confidence  limits  quickly. 

If  you  look  at  these  numbers  (6  months  old)  and 
those  numbers  (24  months  old),  again  your  conclusion  is;  no 
change.  If  you  look  at  the  120° F temperature,  your 
conclusion  is*  probably  no  change.  And  over  here,  your 
conclusion  is*.  Oh,  my  God,  those  tests  were  non-reproducible, 
but  probably  no  change  with  the  storage,  — ^ minus  ten  is  Just 
not  an  acceptable  operating  condition,  even  at  the  3000-hour 
rate,  for  this  particular  design. 

Now  that  ).ast  doesn-'t  matter,  that  doesn't  have 
anything  to  do  with  this  talk,  it's  part  of  the  interesting 
data  that's  also  here. 

(Figure  6-5) 

The  voltage  data  I show  you  just  so  you  can  see 
them.  They're  there  for  your  reference. 
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The  only  numbers  I want  you  to  form  in  your  mind 
are  crudely  what  these  (the  /5* F results)  are.  Now*  remember 
that  these  are  thionyi  chloride  limited  cells. 

(Figure  6-6) 

Case-negative,  1977.  Test  plan*  formatted  the 
same  way  as  the  previous  one.  \ou‘'ll  note  the  15-cell 
replication  level  and  the  longer  run  times.  That's  one 
year,  three  years  and  five  years,  nominal.  These  cells, 
the  assumption  is  1.7  ampere-hours  per  cell. 

(Figure  6-7) 

Here's  the  results.  96  percent  confidence  on  the 
location  of  the  median.  I would  ask  you  to  immediately  note 
this  (the  room  temperature  result  for  10  mA),  and  this 
(the  room  temperature  result  for  the  five-year  rate),  and 
all  the  numbers  in  between.  The  trendis  monotonic.  In  the 
early  stages  you  would  have  to  say  it  isn't  statistically 
significant,  out,  of  course,  if  you  were  me,  you  were 
trying  to  make  predictions  even  though  it  v;asn't  statistically 
significant.  And  in  this  case  all  the  predictions  were 
high.  Any  estimate  that  you  make  oased  on  what  you  think 
you've  got  in  the  earlier  tests  leads  you  to  predict  higher 
capacities  than  you  ultimately  get  in  the  one,  the  three, 
enc  the  five-year  tests.  And  that's  even  true  if  you  use 
ell  of  this  data  (all  the  room  temperature  results  except  the 
five-year  test)  and  then  try  to  predict  the  five-year  test. 

Vou  still  fall  above  what  you  get  by  more  than  you  would 
appreciate. 

(Figure  6-b) 

Here's  the  voltage  data  again.  These  are  time 
averaged  voltages  to  a 2-volt  cutoff.  Notice  that  these 
cells  performed  better  on  a voltage  basis  than  did  the 
thionyi  chloride  limited  cells.  This  fact  has  been  published 
in  the  Journal  of  the  Electrochemical  Society  for  larger 
cells.  The  wholes  point  is  that  these  ceils  discharge 
essentially  flat,  and  then  they  fall  off  the  end  of  the 
world.  And  you  soend  very,  very  little  time  at  voltages 
ifiuch  below  the  plateau  voltage.  Whereas  with  thionyi 
chloride  limited  cells,  the  cells  kind  of  taper  into  their 
failure  mooe,  and  you  end  up  spending  perhaps  15  to  20 
percent  of  the  time  below  the  plateau  voltage. 
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I want  you  to  take  particular  note  of  this  value 
right  here  (the  five-year  rate  result).'  That-'s  a pretty 
reproducible  number.  This  is  a 15-ceii  test  element,  and  if 
you  took  all  of  the  time-averaged  voltages  and  averaged  them 
and  took  the  standard  deviation  of  that  15-ce.ll  sample, 
you'o  find  that  the  standard  deviation  affects  the  fourth 
significant  figure  only,  and  it  doesn-'t  affect  it  very  much. 

So  that  is  a nice,  realistic  load  voltage  number 
for  quite  a low  current.  Now  remember,  this  is  the  5-year 
rate  nominal,  even  though  they  only  really  ran  three  and  a 
half  years. 


The  reason  why  I want  to  stomp  On  this  point  is* 
at  the  recent  Electrochemical  Society  meeting  I heard  two 
papers  in  which  the  authors  used  lower  numbers  (3.55  and 
3.60  volts)  than  my  3.650  volts  for  their  assumed, 
thermodynamic,  open. circuit  voltages.  I can  find  no 
Justification  for  their  values  — but  using  them  did  make 
their  cell  designs  look  better  than  thev  probably  were. 

I don^'t  know  what  the  thermodynamic  open  circuit  voltage 
should  be  (and  I tiave  tried  to  unambiouously  determine  it), 
but  it  must  be  greater  than  or  eauai  to  mv  3.650  volts 
— time-averaged  voltage  for  complete  discharge  at  the  5-year 
nominal  rate  — at  75° r. 

Unfortunately  I-'m  running  out  of  time,  so  I'll  have 
to  cover  the  remaining  data  even  more  briefly  than  I have 
been  doing  up  to  now, 

(Figure  6-9) 

Here  1 present  one  interpretation  of  the  room 
temperature  capacity  results  for  the  case-negative  approach. 
First  I define  my  symbol  usage.  Then  I give  in  mathematical 
symbols  the  equation  that  1 shall  fit,  end  I interpret 
these  mathematical  symbols  with  their  empirical  equivalents. 

Now  the  eouation  is  this,  in  empirical  symbols. 

And  it  rearranges  into  this,  which  cculd  be  interpreted  as 
saying  that  the  total  current  reducing  the  cell's  capacity 
is  equal  to  the  load  current  plus  the  corrosion  current, 
hell,  if  that's  the  case,  this  is  the  corrosion  current. 

And  then  I can  derive  the  corrosion  current  expression  as 
actually  being  this.  I get  that  by  taking  the  definition  of 
C from  here,  substituting  it  in  there. 
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Now,  what  this  eauation  says  is,  for  large  I the 
corrosion  current  is  a constant.  But  as  the  actual 
Discharge  current  approaches  the  corrosion  current,  this 
value  slowly  increases  until  eventually  they  both  become 
equal  to  the  value  of  2b. 

(Figure  6-9  cont . ) 

I wi.ll  not  go  beyond  the  value  2b,  as  you'.Jl  see 
in  the  next  data. 

This  is  the  actual  data:  the  average  currents/  the 

apparent  run  times,  the  actual  capacities,  the  calculated 
capacities,  and  the  differences.  And  these  capacities  are 
all  in  mi Hi ampere-hours. 

You'll  note  that  the  differences  are  small  for 
four  significant  figure  numbers.  Ihet's  the  actual 
equations  it  says  my  corrosion  current  is  about  12 
microamps.  The  lowest  current  I tested  at  was  41  microamps. 

Now  if  you  use  (the  note  on  the  slide)  this  more 
straightforward  model  which  says  that  the  corrosion  current 
is  constant,  you  get  a correlation  coefficient  of  -0.989. 

I don't  know  that  you  can  really  choose  between  the  two 
models  on  the  basis  of  this  data,  in  spite  of  the  "large" 
difference  in  the  correlation  coefficients. 


(Figure  6-10) 

Ihis  is  the  case-positive  storage  results, 
spanning  from  6 to  31  months,  with  a 42-month  one  planned, 
ihe  sample  sizes  varieo,  mainly  because  1 had  to  cancel  some 
of  the  tests,  and  I plowed  the  cells  in  here. 

You'll  note  that  until  you  cet  here  (31  months  old), 
there  really  hasn't  been  a capacity  change  at  all.  And  even 
this  one  is  not  statistically  significant. 

So  this  design  also  stores  we.Jl. 

(Figure  6-11) 

Ihis  is  the  test  plan  for  my  capacity  testing.  It 
assumes  18  amp-hours.  It  also  assumes  3.5  volts.  These  are 
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the  nominal  run  times.  That's  two  years.  And  there's  the 
room  temperature  replication  level. 

(Figure  6-12) 

This  design,  spiral  wound  or  not,  is  rate  limited 
at  the  180-hour  rate.  It's  actually  a lower  rate  cell  than 
the  AA  bobbin.  The  cell  is  not  rate  limited  at  the  600-hour 
rate,  however,  and  you  can  see  that  there  is  no  capacity 
change  that's  meaningful  as  you  go  to  lower  and  lower 
rates.  If  anything,  they  might  be  a little  bigger,  but 
certainly  the  difference  is  not  significant. 

(Figure  6-13) 

That's  the  load  voltage  table.  It's  there  for 

reference. 


I gave  you  the  conclusions  first,  and  I really 
oon't  think  I need  to  repeat  them,  but  1 want  to  make  one 
further  conclusion.  This  might  have  seemed  like  a 
nit-picking  topic*  case-positive  versus  case-negative.  I 
want  to  stress  that  1 do  not  believe  that  it  was.  In  fact. 
I'm  sorry  to  say,  I think  almost  everything  is  important; 
end  you'd  better  check  almost  everything  out. 

Thank  you. 
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Figure  6-1  (cent) 


Figure  6-1 


Slid*  2»  Confidence  Intervals  for  Median  Values  Usir«  a Distribution-Free  Slide  3?  Test  pianj  Stor\se,  Caso-’Jesative  (l?76). 

Sign  Test  (Fisher) 
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Wonparnetrle  Statisttcal  Methoda  (esp.  Chap.  3) 
by  H.  Hollander  and  D«  Volfe:’ 

Copyright  1973,  by  John  Wiley  and  Sons.  Ine, 


Kotesi  Assumed  capacity  • i.SAh,  Assumed  load  voltage  ■ 3.$v.  Cutoff 
voltage  ■ S.OOOv. 


Figure  6-2 


Figure  6-3 
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8Ii4t  ht  ModlM  Call  Capacity  a»4  Its  93!^  Cenfldcnot  Xntcrral;  ttoraga, 
Cas«~ll*C»tiv«  (1978)* 
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Notaai  8ea  Bltdaa  3 and  t*  as  appropriate* 


Figure  6-4  Figure  6-5 
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Roteat  The  current  and  run  tiaa  are  correct  for  the  7)*r  teatai  the 
the  reclator  value*  are  vhat  were  actually  controlled. 


Figure  6-6 


Figure  6-7 
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iiUda  6i  TlnOfAvcra^aJ  DltchHrg«  Voltosa  for  the  Modien  CeU; 
Case-Rocfttive  (19Y7)> 
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Figure  6-8 
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Figure  6-9 
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Figure  6-10 
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BUd*  i2i  N«dlka  CtU  Ckpaelt/  utd  lt«  93I  Cenfidanc*  Xatarral; 
C4a*>PMlti*«  (1978). 
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Figure  6-11 
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Figure  6-13 
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HEAT  GENERATION  RATES  IN  LITHIUM  THIDNYL  CHLORIDE  CELLS 

Harvey  Frank 
JPL 

I would  like  to  mention  at  the  beginning  that  this 
work  is  sponsored  by  the  OAST  Office  of  NASA.  It^s  part  of 
the  high  energy  primary  battery  program  that  Dr.  Arnbrus 
mentioned  this  morning. 

The  work  that  I'll  be  describing  here  deals  with 
thermal  characteristics  of  thionvl-chloride  batteries,  and, 
in  particular,  the  heat  generation  rete  in  these  batteries. 

Heat  generation  rate  data  can  be  used  for  several 
applications.  We'.ll  be  describing  some  of  the  results  that 
we've  obtained  and  how  these  have  been  applied. 

(Figure  7-1) 

The  particular  cells  of  interest  that  we've  been 
examining  are  experimental  types.  They  are  of  the  D size 
with  spiral  wouno  configuration  and  ere  instrumented  with  a 
tnerrnocouple . Here  is  a photograph  of  one.  We've  listed 
the  components  here.  These  comprise  what  one  might  call  the 
conventional  thionyl-chloride  system  without  any  additives. 
Also  listed  are  the  specific  heats  of  the  various 
components,  from  which,  with  the  weights,  we  have  computed 
the  thermal  mass  of  the  system,  which  is  used  in  subseauent 
calculations,  and  the  electrode  areas  in  case  anyone  desires 
to  compute  the  current  densities  that  we've  been  running  at. 

(Figure  7-2) 

The  calorimetric  data  has  been  obtained  on  the 
assembly  shown  here.  This  is  fast  response  calorimeter.  A 
cell  is  installed  here,  as  we'll  see  in  the  next  Vu-oraph. 
Its  response  time  is  within  about  a few  seconds  to  a minute 
cepenaing  on  the  load.  v\e  typically  run  at  constant 
current.  The  heat  Generation  rate  is  measured  directly  in 
watts.  It's  an  isothermal  device  ano  can  be  operated  over  a 
range  from  -40  to  70  degrees  Centigrade.  It's  not  a micro, 
but  we'll  call  it  a macro  calorimeter,  up  to  50  watts  of 
heat  generation  rate. 
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(Figure  7-3) 


This  shows  the  particular  cell  installed  in  the 
calorimeter.  The  cell  is  on  a baseplate  which  communicates 
with  a copper  rod  and  then  to  liquid  nitrogen  underneath. 

It's  shielded  for  negligible  heat  losses.  So  all  of  the  heat 
that's  generated  by  this  cell  goes  down  a copper  rod  into 
liquid  nitrogen  underneath  here,  and  the  heat  generation 
rate  is  measured  by  probes  along  the  copper  rod  to  give  a 
direct  reading,  thermal  reading,  and  convert  it  to  a heat 
generation  rate  in  terms  of  watts. 

(Figure  7-4) 

Before  we  present  the  results  we  will  first 
mention  this  equation  here.  It  has  been  discussed  in  the 
ECS  Journal  and  at  the  Electrochem  Society  meeting.  This 
equation  gives  the  heat , generation  rate  in  an 
electrochemical  system  in  terms  of  the  polarization  heat  and 
the  entropy  heat.  This  is  for  the  general  case  in  terms  of 
the  open  circuit  voltage,  the  operating  voltage,  and  the 
"dE/dT"  term,  which  is  the  measure  of  entropy  which  has  been 
determined  experimentally.  For  the  case  of 
thionyl-chloride , the  values  of  the  constants  have  been 
computed,  and  we  arrive  at  the  equation  at  the  bottom 
here,  giving  the  heat  generation  rate  in  watts  as  a function 
of  operating  current  and  voltage.  I iright  mention  that  this 
equation  applies  only  to  electrochemical  heat,  not  other 
types  of  heat  that  may  be  generated  in  an  electrochemical 
device.  It's  onlv  electrochemical  in  nature?  not  including, 
for  example,  chemical  lieat  effects  which  can  arise,  and 
which  are  speculated  to  occur  in  these  batteries. 

(Figure  7-5) 

We  have  two  typical  results  that  were  obtained  on 
the  calorimeter.  We've  plotted  here  the  operating  voltage 
for  a constant  current  discharge  at  1 amp,  and  two  sets  of 
heat  generation  data:  first  of  all,  the  experimentally 
measured  value  by  this  line  here  from  the  calorimeter  and, 
underneath,  the  lower  dashed  line  giving  the  theoretical 
heat  generation  rate  as  per  the  equation  which  we've  just 
shown . 


There  are  two  points  to  be  made  here.  First,  as 
per  the  electrochemical  equation,  the  heat  generation  rate 


rises  with  a fall  in  voltage,  as  preoicted  by  the  equation, 
end  at  this  particular  current,  up  tc  3 watts.  The  second 
point  is  that  there  is  a delta,  one  notices,  between  the 
experimental  value  and  the  theoretically  predicted  value. 

Now  this  signifies  another  type  of  heating  effect.  It  can 
be,  most  likely,  a chemical  heat  effect,  whether  it's 
corrosion  of  the  lithium  as  we  Just  had  reference  to,  or 
other  types  of  chemical  reactions.  Ke  don't  know  exactly 
what  they  are. 

'/ie  are  investigating  the  reactions  that  occur  in 
the  thionyl-chloride  and  the  sulfury “Chloride  cells  to 
explain  these  reactions  by  in  situ  electrochemical 
techniques.  But  for  the  sake  of  this  presentation. 

I'll  just  say  that  it  is  a chemical  heat  effect. 

(Figure  1-6) 

This  gives  another  set  of  data:  this  particular 
one  at  a higher  current,  3 amps,  which  is  relatively  high 
for  this  type  of  cell  considering  the  electrode  area. 

In  this  case  we  observe  a similar  trend;  i.e.,  a 
decline  in  voltage  at  the  end  of  discharge,  with  a 
rise  in  heat  generation  rate  as  the  voltage  falls. 

These  are  two  sets  of  typical  calorimetric  data 
we  obtained  with  the  thionyl-chloride  system  along  with  the 
theoretically  predicted  values. 

(Figure  7-7) 

Now,  we  mentioned  we're  studying  the  mechanism  of 
the  reactions.  Weil,  this  is  not  related  to  the  mechanism 
but  is  for  someone  who  wants  a first  cut  approximation  for 
predicting  heat.  By  taking  the  experimental  data,  the 
experimental  heat  generation  data,  one  can  make  an  empirical 
fit;  which  has  been  done  here;  and  arrive  at  the  simplest 
of  all  equations.  This  gives  an  empirical  prediction  of  the 
heat  generation  rate  simply  as  a function  of  operating  voltage 
and  current. 

(Figure  7-b) 

Bob  Bragg  mentioned  this  morning  about  adiabatic 
type  tests.  We  have  done  similar  work,  with  two  purposes  in 
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mind;  one  was  reach  the  melting  point  of  lithium  and  observe 
it;  the  cell  exploded  at  this  point.  The  other  was  to 
test  the  empirical  equation  which  we  have  Just  described, 
These,  again,  were  constant  current  cischarge  runs  on  cells 
unoer  near-adiabatic  conditions  with  measurement  of  internal 
temperature.  I'Ve  also  measured  external  temperature,  which 
is  not  shown  on  this  graph. 

Here  we  have  the  operating  voltage  down  to  a zero 
volt  cutoff.  The  actual  internal  temperature  is  measured  by 
the  thermocouple,  and  the  predicted  temperature  as  per  the 
simplified  eouation. 

For  someone  who  would  like  to  make  a first  cut 
approximation  at  the  heat  generation  rate,  the  equation 
apparently  gives  a fairly  reasonable  prediction. 

In  this  particular  case  the  cell  opened  near  the 
end  of  discharge.  (Loss  of  internal  contact.)  And  the 
current  dropped,  and,  correspondingly,  the  heat  generaton 
droppeo.  And  we  were  not  quite  able  to  reach  the  melting 
point  of  lithium. 

(Figure  7-9) 

This  is  another  adiabatic  run  at  a higher  current. 
Again,  the  intent  was  to  reach  the  melting  point  of  lithium, 
also  to  check  accuracy  of  the  model. 


Again  we  see  in  this  particular  case,  at  4 amps, 
we  get  a fairly  good  correspondence  between  the  actual  and 
predicted  temperature  from  the  equation.  In  this  particular 
case  the  cell  did  not  again  quite  reech  the  melting  point  of 
lithium;  it  oio,  however,  go  slightl>  into  reversal.  Ae 
carried  it  shortly  beyond  this  point.  The  temperature  rose 
to  250  degrees  F.,  and  then  slowly  declined.  It  did  not 
explooe.  but  apparently  there  was  internal  chemical  reaction 
after  it  reached  the  melting  point  ol  lithium. 

(Figure  7-10) 

Now,  one  additional  run  on  this  particular  type  of 
cell  was  carried  ouc  for  the  purpose  of  obtaining  some 
additional  thermal  data.  This  is  for  the  condition  of 
forced  overdischarged  on  a cell  which  had  been  previously 
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Discharged  to  zero  cutoff  voltage,  and  had  been  on  stand  for 
a few  weeks  to  this  point. 

Ihe  purpose  of  the  test  was  to  examine  the  problem 
of  thermal  behavior  on  reversal  and,  in  particular,  the 
subject  of  lithium  plating  during  the  condition  of  reversal. 

Well,  first  of  all,  to  explain  the  experimental 
results:  At  the  onset  of  discharge,  the  cell  voltage 

indicated  a small  residuei  capacity.  Shortly  thereafter  the 
cell  went  into  reversal,  and  voltage  stabilized  at  the  indi- 
cated value,  at  1 amp  discharge.  The  temperature  was 
moderate,  near  30  degrees  Centigrade  at  this  time. 


The  idea,  then,  was  to  raise  the  temperature  for 
the  condition  of  reversal.  '/Je  did  this  by  increasing  the 
current,  stepping  the  current  up  to  b amps,  and  observed  a 
rise  in  internal  temperature.  At  approximately  60  degrees 
Centigrade,  the  cell  was  noted  to  explode. 

There  has  been  a great  deal  of  discussion  about  the 
Ganger  of  lithium  being  plated  on  the  carbon  electrode  for  the 
condition  of  reversal.  From  DSC  work  ano  by  the  Naval 
Surface  t^eapons  Center,  and  also  work  done  at  JPL,  it  has 
been  shown  that  the  combination  of  lithium,  thionyl-chlorioe 
ano  carbon  can  exhibit  an  exotherm  at  a mooerateiy  low 
temperature;  experimentally,  on  the  DSC  work,  near  50, 

Decrees  Centigrade.  The  observed  phenomena  gives  support  to 
the  belief  that  lithium  is  plated  on  the  carbon  during 
reversal  and  this  can  cause  an  explosion. 

One  point  I forgot  to  mention  was  that  these  were 
cathode-limited  cells.  By  that  we  mean  carbon-limited,  not 
thionyl-chloride-limited.  And  so  there  was  excess  lithium 
available  to  plate  on  the  carbon.  And  when  the  temperature 
reached  a moderate  level,  much  below  those  which  we 
heard  this  morning,  in  this  particular  case  near  50  tO  60 
Degrees  Centigrade,  the  cathode*limited  cell  did  explode  on 
reversal. 


(Figure  7-11 ) 

Just  a few  concluoing  remarks  here.  We  have  some 
indication  of  chemical  heat  effects  in  the  thionyl-chloride 
system.  We  do  have  a measure,  a quantitative  measure,  of 
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the  magnitude  of  these  heat  effects.  When  the  reactions 
are  understood,  we  can  obtain  a measure  of  their  rates  from 
the  thermal  data.  And  this  work  is  going  on  both  at  JPL 
and  at  other  locations. 

For  engineering  purposes  we  have  developed  a simple 
equation  for  thermal  analyses,  not  only  for  the  adiabatic 
case  but  for  any  environment.  By  applying  suitable  heat 
transfer  equations  one  can  use  the  heat  Generation  rate  and 
establish  fairly  accurate  internal  temperature  under  anv 
operating  condition. 

FinaJly,  the  cathode^iimited  cell  can  explode  on 
reversal,  and  this  gives  support  to  the  conviction  of  the 
reactivity  of  lithium,  carbon  and  thionyJ  chloride. 

Thank  you. 
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EXPERIMENTAL  L.  SOCI, ' D"  CELLS 


CALORIMETER  ASSEMBLY 


Figure  7-2 


THEORETICAL  HEAT  GENERATION  RATES 


GENERAL  CASE 


djoc 

dT 

■ HEAT,  WAHS 

■ OPEN  CIRCUIT  VOLTAGE,  VOLTS 

■ OPERATING  VOLTAGE,  VOLTS 
= CURRENT,  AMPS 

■ ABSOLUTE  TEMP,  °K 


CHANGE  IN  Eqj  WITH  T,  V0LTS/°K 


FOR  LI-SOCI2  CELLS  AT  20'"C 
0 • I (3.65  - EopI  - I (0.316) 


Figure  7-4 


Figure  7-1 

EXPERIMENTAL  Li-SOCI,"D"  CELL 
INSTALLED  IN  CALORIMETER 


Figure  7-3 
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HEAT  GENERATION  DURING  CONSTANT  CURRENT 
DISCHARGE  OF  "D”  SIZE  li-SOCIj  CEU 


Figure  7-5 


HEAT  GENERATION  DURING  CONSTANT  CURRENT 
DISCHARGE  OF  "D”  SIZE  LI-SOCI,  CELL 


Figure  7-6 


SIMPLIFIED  EMPIRICAL  EQUATION  FOR  PREDICTING 
HEAT  GENERATION  RATES  IN  LI-SOCIj  CELLS 


Q-(3.7-E^II 

WHERE: 

0- HEAT,  WAITS 

Ejip  • OPERATI NG  VOLTAGE,  VOLTS 

I ■ CURRENT,  AMPS 

i 

Figure  7-7 
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CONSTANT  CURKENT  DISCHARGE  OF  LI-SOCI2 
"D"  CELL  UNDER  NEAR  ADIABATIC  CONDITIONS 


, Figure  7-8 


CONSTANT  CURRENT  DISCHARGE  OF  U-SOCIj 
D'  CEIL  UNDER  NEAR  ADIABATIC  CONDITIONS 


rSTY 


iWRIWCqUPl^ 


FORCED  OVERDISCHAROE  OF  LI-SOCIj  "D"  CELL 


Cell  was  previously  discharged  at  1. 0 Amp  lor  7 hr  to  0. 0 
volt  cutoff  and  then  on  stand  for  1 mo  at  room  temperature 


Figure  7-9 


CONCLUDING  REMARKS 


• SOME  INOtCATION  AND  MEASURE  OF  CHEMICAL  IN  ADDITION 
TO  aECTROCHEMICAL  HEAT  EFFECTS  - REACTIONS  UNDER  INVESTIGATION 


Figure  7-10 


• EMPIRICAL  EQUATION  USEFUL  FOR  GOOD  FIRST  APPROXIMATION 
IN  THERMAL  MODaiNG 

• CATHODE  LIMITED  CELL  CAN  EXPLODE  OH  REVERSAL  AT  MODERATE 
TEMPS.  - HELPS  SUPPORT  PRIOR  DSC  STUDIES 


Figure  7-11 
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DISCHARGE  OF  1400  AH  LITHIUM  THIDN\L  CHLORIDE  CELLS 
INTO  VOLTAGE  REVERSAL 
Adrian  Zoila 
ALTUS 

. I'd  like  to  thank  NAVALHX  end  NOSC  for  supporting 
the  work  which  I'm  going  to  talk  about  today.  Over  a 
three-year  period,  the  Navy,  through  NOSC,  has  funded  ALIUS 
to  develop  and  characterize  a thionyl-chloride  active  cell 
with  capacity  in  the  range  of  1000  tc  2000  ampere-hours  and 
a 10-year  active  shelf  life. 

This  cell  will  be  ihcorporated,  hopefully,  into  a 
high  energy  density  battery,  HEDB,  with  configurations  up  to 
150  to  200  kilowatt  hours  of  energy  for  use  in  underwater 
instrumentation  packages,  surface  buoys  and  undersea 
vehicles,  where  safety  and  operation  in  any  orientation, 
structural  strength  and  hermeticity  ere  key  factors. 

The  HEDB  battery  concept  is  shown  in  the  first 

Vu-graph. 

(Figure  B-1 ) 

Forty  cells  of  1 400- ampere-hour  capacity  are 
connected  in  series  within  a pressure  housing. 

(Figure  b-2) 

The  1400  ampere-hour  cell  is  disc  shaped  and  has  a 
diameter  of  17  inches,  a thickness  of  1-3/8  inches,  and  with 
a center  hole  of  2-5/8  inches  diameter,  which  houses  the 
electrode  terminals.  The  1400  ampere-hour  is  depicted  in 
the  top  left  of  the  photograph. 


The  cell  weighs  29  pounds  lor  4,b  kilowatt  hours 
output,  and  is  optimized  for  currents  up  to  15  amperes. 

The  cell  at  the  lower  left  is  very  similar.  It^s 
two  inches  thick  and  weighs  39  pound*,  for  a capacity  of 
2000  ampere-hours  end  7.3  kilowatt  hours  of  energy.  The 
technology  is  easily  scaled,  and  also  shown  is  a similar 
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J7-inch  diameter  cell*  height  7 inches*  weighing  pounds, 
for  8000  ampere-hours  and  2b  kilowatt  hours  of  capacity.  All 
three  ceils  are  optimized  for  discharge  rates  of  100  hours 
or  longer  and  a long,  10-year  shelf  life. 

ALTUS  has  built  200  cells  cf  1400  ampere-hours 
capacity  end  about  50  ceils  of  2000  ampere-hours  capacity, 
end  one  prototype  8000  ernp-hour  cell. 

We  have  characterized  this  technoldgy  extensively 
for  performance  under  a variety  of  operating  rates  and 
temperatures  and  for  safety  under  a broad  range  of  abusive 
conditions  for  various  states  of  cell  discharge. 

The  cells  are  filled  with  high  purity 
thionyl-chloride  electrolyte  at  the  factory,  hermetically 
sealed,  and  shipped  in  an  active  sealed  state. 

■ I'll  give  you  a brief  synopsis  of  the  test  prooram 
prior  to  the  reverse  voltage  data  Which  1 recently  acouired. 

(Figure  8-3) 

The  next  two  photographs  are  representative  of  the 
abuse  tests,  namely,  drop  testing  in  this  ipicture, 

(Figure  fa-4)  and  crush  testing  of  1400  ampere-hour 
cells  in  fresh,  partial  and  fully  dischargea  conditions. 

(Figure  8-5) 

This  table  provides  a brief  overview  of  the  tests 
which  have  been  conducted  on, the  numerous  cells  without  ever 
a single  incident  at  either  ALTUS  or  at  NOSC  with  regard  to 
overheating  or  venting  of  the  cells. 

In  many  cases  permutations  of  these  tests  have 
been  performea  on  the  same  cell,  and  the  cell  later 
delivered  full  capacity  upon  discharge. 

(Figure  .8-6) 

This  is  representative  of  some  twenty  tests  in 
which  a fresh  cell  has  been  penetrated  by  ;a  conductive 
object,  such  as  a nail  or  a 1/4-lnch  diameter  ram  device, 
and  in  all  but  a couple  of  cases  there  has  been  no  venting 
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or  exothermic  reaction  resulting.  The  high  degree  of 
resilience  to  this  type  of  extreme  abuse  test-  is  due  to  the 
method  of  construction  which  avoids  the  exothermic  reaction 
of  molten  lithium  thionyl  chloride  in  the  presence  of 
carbon. 


For  single  cell  applications  like  the  space 
shuttle  experiment  package  power  source,  a reverse  voltage 
condition  cannot  occur.  'However,  this  condition  can 
result  when  a cell  of  poor  capacity  delivery  is  force 
discharged  by  other  normal  cells  in  e series  connected 
battery  stack,  a problem  that  has  cohtinued  to  plague 
lithium  thionyl  chloride  multi“celi  batteries  of  large 
capacity. 

The  final  phase  of  the  ALTUS-MOSC  program,  just 
completed,  addressed  this  reverse  voltage  condition.  The 
objective  of  this  work  was  to  extend  the  capability  of  the 
1400  ampere-hour  cell  to  reliably  withstand  a force 
discharge  into  voltage  reversal  for  a total  of  ampere-hours 
egual  to  100  percent  of  the  normal  capacity  rating,  to 
simulate  a case  where  a dead  ce.JJ  had  accidentally  been 
included  in  a fresh  battery  system. 

The  Naval  Surface  Weapons  Center  suggested  safety 
standard  was  to  test  several  cells  to  voltage  reversal  for 
160  percent  of  the  capacity  ratings  that^s  2100  ampere-hours 
beyond  zero  volt  output*  in  order  to  demonstrate  a margin  of 
safety  of  50  percent  above  the  worst  case  conditions.  The 
test  conditions  were  to  investigate  the  forced  discharge  of 
6 amps  at  21  degrees  Centigrade*  that's  .45  milliamps  per 
square  centimeters  and  12  amps  at  zero  degrees  Centigrade, 
or  .9  milliamps  per  square  centimeter  of  lithium. 

In  order  to  achieve  this  result,  the  following 
criteria  were  invoked  in  the  cell  design* 

(Figure  b-7) 

(1)  The  cell  is  limited  to  1400  ampere-hours 
capacity  by  the  weight  of  carbon  in  the  cathode,  operating 
at  about  3 ampere-hours  per  gram. 

(2)  The  situation  of  lithium  limitation  is 
avoided  by  building  in  30  percent  excess  material  into  the 
anodes,  which  theoretically  allows  for  1 fcOO  ampere-hours 
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lithium  capacity. 

(3)  The  void  volume  between  the  separator  and 
cathode  structures  is  designed  to  accommodate  2000 
ampere-hours  of  thionyl  chloride  catholyte, 

(4)  Each  lithium  anode  is  firmly  attached  to  a 
nickel  exmet  current  collector  to  eliminate  the  problem  of 
hot  spots  developing  as  the  lithium  is  utilized  and  when  the 
anodes  become  extremely  thin?  this  effect  being  assumed 
responsible  for  cell  venting  in  extended  force "discharge  in 
some  cases. 


(5)  The  cathode  current  collector  is  of  stainless 
steel,  rather  than  nickel,  to  minimize  the  lithium  plating 
to  the  cathode  grid  structure. 

(6)  Most  important*  a chemical  switch  mechanism 
is  incorporated  which  operates  v/hen  the  cell  output  voltage 
is  zero.  This  low  ohmic  shunt  both  diverts  70  percent  of 
the  forced  discharge  current  from  lithium  plating  reactions 
ana  further  limits  the  negative  voltage  excursion  to  less 
than  150  millivolts  negative,  where  electrolysis  reactions 
occurring  at  higher  potentials  are  circumvented. 

Note  the  energy  censity  is  maintained  at  150 
watt-hours  per  pound  with  the  above  criteria  invoked. 

The  details  of  the  switch  irechenism  are  still 
considered  proprietary  at  this  time.  But  I should  point  out 
that  two  patents  have  been  allowed,  and  public  disclosure 
will  be  forthcoming  by  the  turn  of  the  year.  Full 
disclosure  of  all  construction  details  has  been  made  to  the 
program  sponsor. 

Each  ceil  in  this  experiment  was  built  with  four 
feed-through  terminals  for  experiment  monitoring  purposes* 
two  for  normal  anode  and  cathode  terminals,  one  for  the 
lithium/lithium  ion  reference  electrode  incorporated  into 
the  ceil,  and  the  fourth  feed-through  to  bring  out  one  end  of 
the  internal  switch  in  order  that  the  shunted  current  could 
be  monitored.  These  modifications  to  the  cell  to  achieve  a 
four-terminal  output  caused  some  loss  in  capacity  for  the 
cells  compared  to  previous  production  units  tested. 

The  constant  current  discharge  of  each  cell  was 
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accomplished  using  a power  supply  as  shown  in  the  next 
Vu-graph. 


(Figure  8-8) 

This  is  a very  simple  circuit  diagram.  The 
discharge  current  and  internal  switch  current  were  monitored 
across  1-milliohm  shunts  incorporated  into  the  circuit.  The 
cell  is  equipped  with  a sensimetric  pressure  transducer, 
permitting  the  cell-'s  internal  pressure  to  be  followed. 
Thermocouples  in  the  test  chamber  and  affixed  to  the  cell's 
surface  gave  temperature  data,  and  the  EMF  between  lithium 
reference  and  both  anode  and  cathoae  terminals  gave  data  on 
internal  polarization  effects. 

All  parameters  were  recorded  using  a Fluke  2240A 
data  logger.  A strip  chart  recording  was  made,  in  addition, 
as  the  cell  went  into  voltage  reversal. 

(Figure  8-9) 

This  slide  is  for  one  of  the  ceils  discharaed,  and 
typifies  the  results  dbtained  at  12  amps  discharge  current 
and  zero  degrees  Centigrade.  The  cell  voltage  commences  at 
3.25  volts,  holds  a plateau,  and  then,  reaching  about  2..B 
volts,  rapidly  declines  to  a negative  voltage  of  120 
millivolts  negative. 

At  zero  volts  output,  the  internal  switch 
operates.  The  shunted  current,  through  this  internal 
switch,  rises  rapidly  from  zero  and  reaches  a plateau  of  8.4 
amps,  which  is  approximately  74  percent  of* the  force 
discharge  current,  which  was  12  amps.  The  cell  voltaoe 
remains  clamped  because  of  this , at  a low  negative  potential , 
and  is  only  132  millivolts  negative  at  the  end  of  test,  after 
189  hours  beyond  zero  volts  when  the  test  was  terminated, 
for  2262  ampere-hours  of  reverse  voltage.  That's  greater 
than  150  percent  of  the  cell's  1400  ampere-hour  capacity 
rating. 


(Figure  b-10) 

This  next  slide  shows  the  ' information  gained  from  the 
lithium/lithium  ion  reference  electrode  and  demonstrates 
a carbon  cathode  limited  system.  Ancde  polarization 
was  about  50  millivolts  during  normal  discharge,  and  about 
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90  millivolts  during  the  reverse  voltage  force  discharge. 

The  cathode  displayed,  meanwhile,  a ^0  millivolt  negative 
voltage  with  respect  to  the  lithium  reference  electrode 
during  reverse  voitaae. 

These  voltages  were  held  till  the  end  of  test. 

(Figure  8- 1 I ) 

The  temperature  aata  are  shown  in  this  Vu-graph. 
One  sees  the  ambient  refrigerated  temperature  of  zero 
degrees  plus  or  minus  2,  with  the  ceil  remaining  at  zero 
except  for  a brief  excursion  to  plus  4 degrees  Centigrade 
during  voltage  decline,  due,  undoubtedly,  to  the  heating 
effects  of  the  heavy,  polarized  carbon  surface. 

It's  worthy  to  note  that  the  internal  ceil 
pressure  commences  at  -2  psi  gaoe  anc  at  the  end  of  test 
only  rose  to  plus  ‘3  psig,  after  289  hours  at  1 2 amps. 

(Figure  8-12) 

The  data  from  the  6 amp  discharge  at  27  degrees 
Centigrade  ambient  are  similar,  as  shown  in  this  Vu-craph. 
The  ceil  voltage  holds  3.47  volts,  a little  higher,  of 
course,  than  for  zero  degrees,  for  a period.  It's 
reasonably  constant  until  3.2  volts  is  obtained,  when 
there's  a rapid  drop;  in  this  case  to  -80  millivolts. 

Again,  as  the  cell  voltage  crosses  zero  volts,  the  internal 
switch  closes,  and  the  shunted  current  rises  to  4 amps  in 
this  case,  thereby  shunting,  again,  two-thirds  of  the  force 
discharge  current.  The  cell  voltage  remains  clamped  at  a 
mere  60  millivolts  negative  for  the  duration  of  the  275 
hours  or  2183  ampere-hours  in  voltage  reversal. 

(Figure  8-13) 

This  is  the  reference  voltage  data. 

The  reference  voltage  data,  again,  shows  a cathooe 
limited  design,  with  a 50  millivolt  fnode  polarization  with 
respect  to  lithium/lithium  ions,  and  a 20  millivolt  negative 
potential  for  the  cathode  with  respect  to  ithe  reference  at 
the  end  of  test. 

I 

(Figure  8-14) 
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The  temperature  and  pressure  data  are  shown  here. 
They  show  no  internal  heating  or  unoue  pressure  rise.  Cell 
temperature  remained  flat  at  27  degrees,  plus  or  minus  3 
degrees,  with  only  diurnal  effects  e^idence.  The  cell 
internal  pressure  rose  from  2 psi  gace  to  lb  psig  at  the 
completion  of  the  150  percent  voltage  reversal.  In  this 
case  you  cannot  see  any  temperature  rise  as  the  cell  went 
through  zero  volts,  and  maybe  a very  slight  hump  on  the 
pressure,  a psi  or  so. 

(Figure  8-15) 

This  final  vu-araph  summarizes  the  reverse  voltage 
data  for  the  series  of  1400  ampere-hour  cells  tested. 

During  this  test  program,  not  one  cell  vented  or 
showed  any  significant  temperature  or  pressure  excursion, 
and  the  Navy  requirement  for  2100  ampere-hours  of  discharae 
in  voltage  reversal  was  easily  obtained  without  incident. 

The  internal  switch  mechanism  consistently  shunted 
two-thirds  of  the  force  discharae  current,  and  held  the 
negative  potential  to  65  millivolts  plus  or  minus  5 for  the 
6 amp  discharge  at  21° C and  125  millivolts  plus  or  minus  5 
millivolts  negative  for  the  12  amp  discharge  at  zero  degrees 
Centigrade. 

The  effects  of  the  switch  in  shunting  the  majority 
of  the  current  allows  for  a prolonged  cathode  limited 
system,  where  the  lithium  anodes  are  not  consumed  for  the 
duration  of  the  extensive  reverse  voltage  condition, 
i/^ithout  a shunting  mechanism  I have  lound  that  the  anode 
limited  situation  is  reached  very  cuickly  in  voltage 
reversal,  and  dangerously  high  negative  potentials  are 
attained  once  electrolysis  reactions  are  forced  to  take 
place. 


The  reliability  of  dendritic  shunting  between 
anode  and  carbon  by  lithium  plating  reaction  is  not,  in 
itself,  reliable  for  thick  cathodes  in  ceils.  Cathode 
limited  cells  can  freouently  revert  to  anode  limited  cells 
during  reverse  voltaae  unless  the  current  is  otherwise 
diverted,  as  in  the  cells  describee. 

This  reverse  voltage  testing  of  a series  of  active 
cells  of  Improved  grid  design  completes  the  HEDB  development 
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for  the  Navy.  The  summation  of  the  data  from  the  testino  of 
200  cells  over  a three-year  period  hes  demonstratea  unique 
safety  features  early  on.  Now  with  the  completion  of  the 
reverse  voltage  work,  the  technology  is  ready  for 
application  in  battery  systems. 

The  cell  design  offers  the  advantage  of  ease  of 
scale  ability  to  cells  of  different  capacity  and  aspect 
ratios.  The  location  of  electrode  terminals  is  optional. 

The  cell  case  is  hermetically  sealed,  has  high  vacuum 
integrity,  and  no  discharge  products  can  escaoe  to  the 
exterior  environment.  There  is  no  technical  barrier  to  the 
immediate  and  safe  application  of  this  cell  to  a variety  of 
battery  configurations  in  rugged  environments. 

Thank  you. 
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IIEDO  CONTAINMENT  5TKUCTUNE 


Figure  8-1 


Figure  8-2 


Figure  8-3 
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HOP  AH  CELL  TB8T8 


WHICH  HAVE  NEVER  LEO  TO  k VEKTIWC  OR  EXPLOSION 


1.  OROPi  - 3 PT  TO  12  PT 

2.  CRUSH:  • 1000  LBS  OVER  10  8Q.  1H6 

3.  VIBRATION:  - 0-60K,.  0.06  INS  AMPLITUDE 
« SHOCK:  • 300  G,  IS  MILLISECONDS 

5.  HYDROSTATIC  PRESSURE:  > SOO  PSI 

6.  CHARGE  CURRENT:  • TO  100«  CAPACITY  RATING 

7.  SHORT  CIRCUIT  OP  TERMINALS 

8.  DISCHARGE:  - 0*  TO  110*C 

6A  TO  16  AMPS 
INTERHITTENT/PULSE  LOADS 
1 YEAR  STORAGE 


Figure  8-5 


Figure  8-4 


CRITERIA  FOR  EXTENDED  RV  SAFETY  OP  MOO  CELL 


1.  CAPACITY  OP  CELL  CARBON  LIMITED 


2.  30%  EXCESS  LITHIUM  ABOVE  THEORETICAL  OP  1400  AH 

3.  4S%  EXCESS  SOCI2  ABOVE  THEORETICAL  OP  1400  AH 

4.  ALL  LITHIUM  DISC  ANODES  FIRMLY  BONDED  TO  NICKEL  EXMET  CURRENT 
COLLECTOR 

5.  CATHODE  CURRENT  COLLECTOR  GRIDS  STAINLESS  STEEL 

6.  A CHEMICAL  SNITCH  MECHANISM  INCLUDED  IN  THE  INTERNAL  DESIGN  TO 

(A)  SHUNT  > 70%  OP  FORCED  DISCHARGE  CURRENT  IN  REVERSE 
VOLTAGE 

(B)  CLAMP  CELL  NEGATIVE  VOLTAGE  TO  LON  VALUES  THROUGH  THE  LON 
SNITCH  IMPEDANCE  OP  IS  MILLIOHMS 

NOTE:  CELL  WEIGHT  OP  31  POUNDS  IS  MAINTAINED  EVEN  WITH  RV  SAFETY 

FEATURES  ABOVE. 


Figure  8-6 


Figure  8-7 
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Figure  8-12 
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Figure  8-13 


NtVtNSt  WtTtae  DAT* 


Figure  8-15 


HIGH-RATE  LITHIUM  THIQNYL  CHLORIDE  CELLS 


F.  Goebel 
GTE 

The  conductivity  of  non-aquaous  electrolytes  is 
considerably  lower  than  measured  in  aqueous  electrolytic 
solutions.  These  differences  have  an  effect  on  the 
discharge  rate  capability  of  the  battery.  Current  densities 
of  100  mi  Hi  amperes  per  square  centimeter  in  cells  witti 
alkaline  electrolyte,  for  instance,  ere  standard.  To 
obtain  high  current  rates  from  lithium  SOCI2  cells,  special 
electrode  designs  in  conjunction  with  optimizing  the 
electrolyte  conductivity  ere  requirec. 

For  low  rate  discharge,  less  than  I milliampere 
per  square  centimeter,  the  bobbin  type  cell  with  very  thick 
and  low  surface  area  electrodes  was  cesicned.  Ihe 
geometrical  electrode  surface  area  density  of  these  cells 
coes  not  exceed  one  square  centimeter  per  cubic  centimeter 
electrode  volume.  For  higher  current  densities  than  I 
milliampere  per  square  centimeter,  these  type  of  cells 
become  less  efficient  due  to  diffusion  problems  v/ithin  the 
thick  carbon  cathodes. 

In  order  to  achieve  high  current  rates  from 
identical  cell  volumes,  it  is  necessary  to  reduce  diffusion 
paths  within  the  cell,  and  to  increase  the  electrode  surface 
area  density. 

This  basic  information  resulted  in  the  develoornent 
of  the  so-called  JellvroJl  electrode  structure  and  disc 
electrode  configuration  for  cylindrical  cells. 

The  Jellyroll  configuration  uses  thin  strips  of 
anoae  and  cathode  material  which  are  rolled  uo  in  a spiral, 
wound  together,  with  a separator  insulating  the  active 
materials. 


(Figure  9-1 ) 

The  ends  of  the  individual  electrodes  are 
connected  by  welding  metal  strips  to  the  corresponding 
terminals  of  the  cell.  In  a case  where  round  disc 
electrodes  are  used,  a large  number  cf  electrodes  are 
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stacked  on  top  of  each  other,  alternctlng  anodes  and 
cathodes,  with  seoarators  in  between. 

( Figure  9-2) 

Each  electrode  disc  has  direct  contact  to  the 
terminal,  which,  in  this  configuration,  is  a center  rod  for 
all  the  lithium  anodes,  and  the  ceJl  case  serves  as  a common 
terminal  for  all  the  cathodes. 

The  disc  cell  design  has  some  advantages  over  the 
jellyroJl  configuration,  since  each  electrode  disc  has  its 
own  contact  to  the  current  collector,  whose  maximum  length 
never  exceeds  the  radius  of  the  ceJli  which  results  in  a 
minimal  IH  loss  for  all  the  electrodes  within  the  stack. 

This  arrangement  has  demonstrated  uniform  and 
maximum  material  utilization  as  well  as  high  current  drain 
capability. 


The  specially  designed  cathooe  substrate  is  making 
contact, over  its  entire  periphery  to  the  steel  case  as  the 
current  collector,  which  establishes  a gradient  in  discharge 
profile,  being  slightly  higher  on  the  outsioe  than  toward 
the  center,  this  discharge  profile  allows  an  anode  limited 
design,  which  is  one  of  the  major  safety  features  within 
this  type  of  cell. 

both  systems,  the  jellyroJl  and  the  disc  electrode 
design,  can  be  constructed  with  an  electrode  surface  area 
Density  of  10  square  centimeters  per  i cubic  centimer 
electrode  volume,  which  is  one  order  of  magnitude  larger 
than  within  the  typical  bobbin-type  conf iourat ion. 

The  increase  in  surface  area  by  one  order  of 
magnitude  effects  in  the  same  proportion  the  discharge  rate 
capabTlity  of  the  cell. 

Ihe  high  rate  C cell  has  been  discharged  at 
constant  loads  to  establish  the  capacity  at  different 
current  densities,  ranging  from  1 miliiampere  per  square 
centimeter  to  10  miliiarnpere's  per  square  centimeter. 

(Figure  9-3) 

At  the  nominal  rate  of  210  mi  1 1 iamperes , which  is 
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equivalent  to  the  25-hour  rate,  90  percent  of  the  anodic 
capacity  can  be  obtained  at  a 3-volt  cutoff.  The  cell  is 
able  to  discharge  at  much  higher  currents,  as  the  other 
curves  on  this  slide  indicate.  At  1 ampere,  for  instance, 
the  same  cell  Delivers  approximately  4 ampere-hours,  at  a 
2.1  ampere  discharge,  3 ampere-hours,  respectively,  without 
any  hazarcous  condition  resulting. 

Low  temperature  testing  was  performed  at  -40 
degrees  C at  a nominal  rate  of  210  mi  Hi  amperes . Ihe  obtained 
capacity  to  the  3-volt  cutoff  was  2.1  ampere-hours  or  37 
percent  of  the  room  temperature  capacity.  After  the  -40 
degrfes  C discharoe,  the  cell  was  allowed  to  recover  to 
room  temperatvjre  without  any  load  applied,  and  then 
discharged  again  to  a 3-volt  cutoff. 

(Fiaure  9-4) 

The  additional  capacity  of  2.94  amoere-hcurs  added 
to  the  capacity  obtained  at  -40  degrees  C results  in  a total 
of  about  5.04  ampere-hours,  which  is  90  percent  of  the  maximum 
capacity  which  was  achieved  at  a discharoe  df  22  degrees  C. 

The  cell  was  not  optimized  in  electrolyte 
concentration  for  low  temperature  performance.  In  the 
meantime,  however,  it  has  been  demonstrated  at  GT&E  that 
lower  concentrations  than  I .o  molar  are  more  efficient  in 
cathode  utilization  than  higher  concentrations. 

Abuse  testings  An  abuse  test  program  has  been 
conducted  in  the  operational  and  non -operational  modes. 

(Figure  9-5) 

This  test  flow  diagram  identifies  the  abuse  tests 
performed  and  the  respective  sequence  of  testing.  Each  test 
within  the  flow  sequence  is  identified  by  a unioue  reference 
numoer.  All  test  samples  were  high-rate  C cells  of 
identical  design,  and  were  all  lithium-limited.  In  this 
report,  however,  only  these  test  results  are  discussed  which 
are  significant  for  the  characterization  of  the  high-rate  C 
ceil. 

Non-operat ional  abuse*  Seouence  \'os . 1,  4 and  5 

identify  the  tests  performed  on  the  high-rate  C cells,  which 
are  characterized  as  non-operational  tests.  Test  conditions 
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end  the  results  are  seen  in  the  next  slides. 

(Figures  9-6  and  9-7) 

There  was  no  hazardous  conoition  at  any  time,  and 
the  electrical  and  mechanical  integrity  was  maintained 
throughout  the  entire  test  sequence.  The  discharoe  of  the 
cells  involved  in  lest  Seouence  Nos.  I and  4 resulted  in  3.8 
and  3.6  ampere-hours  respectively.  There  was  no  capacity 
loss  on  cells  which  v/ere  subjected  to  a drop  test. 

Operational  abuse*  Tests  performed  under 
operational  abuse  included  charging,  overdischarqe,  external 
short  circuit,  cell  penetration  ano  ceil  crush. 

Cell  charging  was  performec  with  a constant 
current  of  210  mi lllamperes,  and  these  conditions  were 
maintained  until  all  parameters  had  stabilized. 

(Figure  y-b) 

Ihe  maximum  voltage  during  the  tests  was  4.3b 
volts,  with  a maximum  temperature  increase  of  approx  imatelv 
13  degrees  Centigrade  over  a 4-hour  and  20-minute  test 
period.  There  was  no  visible  or  apparent  evidence  of  aamage 
or  deterioration  as  a result  of  the  test. 

On  overdischarge,  the  test  sample  was  discharaed 
at  210  milliampere  constant  current,  and  driven  into 
reversal  at  the  same  rate. 

(Figure  9-9) 

The  cell  was  overdischarcec  for  24  hours  without 
any  apparent  evidence  of  damage  or  abnormal  behavior.  Ihe 
maximum  temperature  on  overdischarge  was  6 to  6 degrees 
above  ambient  shortly  after  voltage  reversal.  At  the 
end  of  the  test  there  was  only  a small  temperature 
difference  between  the  test  sample  and  the  test  chamber. 

Short  circuit  testing  was  performed  on  a fresh 
high-rate  C ceil  and  on  an  identical  cell  which  was  charged 
and  then  discharged  to  the  3-volt  cutoff  accordino  to  lest 
Sequence  No.  2 in  the  test  flow  diagram.  In  both  cases,  a 
10-milliohm  load  resulted  in  a surge  current  of  45  amperes. 
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(Figure  9-10) 


At  that  point  the  internal  contact  between  the 
current  collector  and  the  feedthrough  acted  like  a fuse  and 
burned,  as  confirmed  by  post  mortem  analysis.  The 
temperature  after  the  short  test  was  still  rising  to  about 
29  degrees,  and  then  .dropped  back  to  room  temperature,  and 
no  other  abnormal  behavior  was  realized  during  this  test. 

Ihe  crush  was  performed  bv  reducing  the  cejl 
diameter  to  60  percent  of  the  original  size  between  two 
quarter-inch  diameter  anvils.  The  cell  exploded  seven 
seconds  after  the  ceJl  voltage  dropped  to  zero  volts, 
indicating  a short  circuit  between  the  metaJlic  hardware  of 
the  cathode  and  the  lithium. 

The  skin  temperature  of  the  cell  reached  a maximum 
of  70.2  degrees  Centigrade.  A visual  examination  indicated 
that  the  cell  top  was  missing  from  the  can,  and  about 
one-third  of  the  upper  electrode  stack  was  ejected  from  the 
can  by  force  of  the  explosion.  There  was  no  fire  after  the 
explosion  had  occurred. 

Cell  puncture  test  was  perlormed  with  a 
quarter-inch  diameter  dri]]  at  mid-height  of  the  cell 
perpendicular  to  the  longitudinal  axis.  A drop  in  ceil 
voltage  to  about  the  50-rni  1 livolt  level  indicated  a direct 
short  between  the  anode  ano  cathode.  No  explosion  occurred. 
There  were  sparks  visible  for  about  two  and  a half  minutes 
before  a continuous  flame  was  evident,  and  the  cell  case 
temperature  rose  to  over  500  degrees  Centigrade.  The  fire 
ceased  after  four  minutes  after  initiation  of  the  internal 
short. 


Conclusions*  A high-rate  C ceil  with  disc 
electrodes  was  developed  to  demonstrate  current  rates  which 
are  comparable  to  other  primary  systems.  The  development  of 
this  cell  has  progressed  to  the  point  that  a certain  amount 
of  risk  must  be  accepted  that,  under  some  conditions  like 
crush  and  puncture,  they  may  ignite  or  explode. 

The  tests  performed  in  this  study  established  the 
limits  of  abuse  beyond  which  the  cell  became  hazardous, 
i/^ork  is  continuing,  however,  to  minirrize  these  safety 
limitations. 
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Finally,  we  would  like  to  thank  Wrioht-Pat  Air 
Force  Base  for  their  support  of  this  program  in  its  initial 
part . 


Thank  you  very  much 
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SCHEMATIC  OF  DISC- ELECTRODE  STACK 

Figure  9-2 


DinCHARGE  CURVES  OF  A C-CELL  WITH  DISC 
ELECTRODES  AT  R.T. 


Figure  9-3 


DISCHARGE  OF 

HIGH  RATE  0-CELL  AT  -AO  <>C  AND  R.T. 


Figure  9-4 

frm  HIGH  RATE  'C  CELL  TEST  FLOW  DIAGRAIVi 
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"C"  CELL  EVALUATION  TEST  SUMMARY 


NON-OPERATING  ENVIRONMENT 

TEST 

CONDITIONS 

RESULTS 

SALT  WATER  IMMERSION 
(FRESH  CELLS) 

3.5%  SALT  SOLUTION 
@ ROOM  AMB.  TEMP. 
15  HOURS 

• ELECTRICAL/MECHANICAL 
INTEGRITY  MAINTAINED 

TEMPERATURE  STORAGE, 
(FRESH  CELLS) 

HIGH  30  DAYS  @ +71°C 

O.C.V.  CONFIGURATION 

• OCV  STABLE,  NO 
VARIATION 

Figure  9-6 

"C"  CELL  EVALUATION  TEST  SUMMARY 

NON-OPERATING  ENVIRONMENTS 

TEST 

CONDITIONS 

RESULTS 

SHOCK,  IMPACT 
(FRESH  CELLS) 

100  g's,  23  MSEC'S 
HALF-SINE  PULSE 
( 3 AXES) 

• ELECTRICAL/MECHANICAL 
INTEGRITY  MAINTAINED 

VIBRATION,  SINE 
(FRESH  CELLS) 

0.1  INCH  (D.A.)  5-37  Hz 
7 g's  (PEAK)  37-2000  Hz 
(3  AXES) 

• ELECTRICAL/MECHANICAL 
INTEGRITY  MAINTAINED 

TEMPERATURE  CYCLING 
(FRESH  CELLS) 

-65®C  to  +71°C 
(5)  24  HOUR  CYCLES 

• ELECTRICAL/MECHANICAL 
INTEGRITY  MAINTAINED 

• NO  CELL  DEFORMATION 
RESULTING  FROM  TEMP. 
CYCLING 

ALTITUDE 
(FRESH  CELLS) 

50,000  FT.  0 +25°C 
(6)  SIX-HOUR  STORAGE 

• ELECTRICAL/MECHANICAL 
INTEGRITY  MAINTAINED 

• NO  CELL  DEFORMATION 
RESULTING  FROM  REDUCED 
PRESSURE . 

Figure  9-7 


FACTORS  AFFECTING  CYCLE  LIFE  IN  AMBIENT  TEMPERATURE  OF, 


SECONDARY  LITHIUM  BAllERIES 
R,  Somoano 
JPL 

I will  be  givinq  a talk  in  place  of  one  by  Burt 
Otzinger.  The  talk  will  concern  factors  which  affect  the 
cycle  life  of  ambient  temperature  secondary  lithium 
batteries.  This  work  is  sponsored  by  NASA's  Office  of 
Aeronautics  and  Space  Technology,  by  Judy  Ambrus. 

The  technology  for  secondary  lithium  batteries  is 
somewhat  behind  that  of  primary  lithium  batteries.  A lot  of 
the  work  that  we  are  presently  doing  at  JPL  is  more  research 
oriented  in  nature.  Nevertheless,  it's  reaJly  quite  clear 
that  one  of  the  principal  factors  which  inhibits  current  use 
of  secondary  lithium  systems,  especially  on  spacecraft,  is 
the  very  limited  rechargeabi lity,  or  cycle  life,  of  lithium 
systems. 


In  particular,  we're  interested  in  cycle  life  of 
the  order  of  500  to  1000  cycles.  The  fact  that  we  can  get 
100  cycles  is  good,  but  not  enough,  end  we  feel  we  have  to 
understand  and  optimize  all  the  dominant  factors  which 
control  cycle  life  in  order  to  obtain  the  desired  performance 
and  meet  this  very  demanding  cycle  life  goal. 

So  during  this  talk  I'd  like  to  describe  some  of 
our  thoughts,  some  of  our  results,  ccncerning  this  very 
complex  problem  of  cycle  life.  There  are  quite  a few 
factors  that  contribute  to  cycle  life.  I've  listed  three  of 
these  that  are  of  interest  to  us. 

(Figure  10-1  ) 

The  first  ones  electrode  integrity.  This  stems 
from  the  fact  that  the  type  of  system  we  are  using  utilizes 
a lithium  anode  and  a titanium  disulfide  int ercelatable 
cathode.  And  the  problem  is,  simply,  that  upon 
intercalation  or  de-intercalation  — that  is,  upon  discharge 
and  charge  — the  TiS2  lattice  expands  and  contracts  plus  or 
minus  10  percent.  This  leads  to  a breakup,  or  loss  of 
particle  contact,  intergrain  contact,  ana  disruption  of  the 
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electrode  morphology  and  geometry.  So  the  actual  mechanical 
integrity  of  the  electrode  upon  cycling  is  a very  reel 
problem  and  a potential  failure  mooe . 

As  I will  show,  the  conventional  way  of  making 
cathodes  is  really  quite  time-consuming,  and  I will  describe 
some  alternative  approaches  which  we've  taken,  in  which  we 
use,  for  example,  polymeric  elastomers  to  improve  cathodes 
integrity.  The  lithium  anode  also  has  its  problems  if  you 
try  to  alloy  it,  for  example,  with  aluminum.  But  I won't 
be  talking  about  the  lithium  electrode;  but  rather  the  TiS2 
cathode. 


The  second  problem,  which  is  reallv  quite 
important  and  quite  fundamental,  is  the  electrolyte 
stability.  The  problem  here  is  that  we  are  interested  in 
ambient  temperature  operation,  and,  therefore,  our  focus  has 
been  mostly  on  organic  electrolyte.  I will  be  particularly 
talking  about  lithium  arsenic  hexaflcride  dissolved  in 
2-methyl  t etrahydrof uran  (2-meTHr).  The  problem  is  very 
simple;  upon  charging  the  highly  reactive  electro-deposited 
lithium  reacts  with  this  organic  electrolyte.  It  degrades 
the  electrolyte,  it  degrades  the  cycle  life,  it  gives  rise 
to  a very  important  passivation  chemistry  which  can 
dominate,  or  control  the  cell  performance.  So  we-'re  very 
interesteo  in  understanding  what  the  limits  of  this 
electrolyte  are,  so  that  maybe  we  can  come  about  ana  develop 
better  electrolytes,  because,  indeed,  we  think  we  need 
something  better  then  what  we  now  ha^e. 

Finally,  and  related  to  it,  I'd  like  to  discuss 
some  of  our  thoughts  on  dendrite  formation.  Most  of  the 
ambient  temperature  secondary  lithium  cells  have  failed 
because  of  dendritic  shorts.  The  usual  approach  has  been 
to  try  to  put  more  wraps  of  separator,  and  to  develop  better 
separators.  And  our  feeling  at  this  time  is  that  we'd  like 
to  see  if  there's  something  we  could  do  to  control  the 
morphology  of  the  lithium  anode  during  plating  and  inhibit 
dendritic  growth  in  the  first  place.  I want  to  now  discuss 
this  idea  about  the  cathode.  Again,  the  problem  with  the 
cathode  upon  cycling  is  that  it  really  isn't  elastic  enough, 
it  doesn' t contract  and  expand  the  TiS«  particles  as  well  as 
you'd  like. 
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(Figure  10-2) 


This  is  the  common  procedure  for  making  the  TiS2 
cathode  used  by  many  people  in  the  field.  The  binder  for 
this  material  is  Teflon.  It  has  a meltinq  point  of  around 
327“C. 


Normally  you  take  Teflon  and  TiS2  and  you  ball 

mill  it  for,  let's  say,  two  days.  The  idea  is  to  break  up 

the  particles,  get  smaller  and  smaller  particle  size.  You 
may  or  may  not  want  to  use  carbon  black  as  a conductive 
dilutant  or  expander.  TiS2  itself,  is  semi-metallic.  One 
then  takes  this  mixture  and  you  put  it  into  a mold  and  you 
heat  it  to,  say,  350  degrees  Centigrade,  under  pressure. 

And,  from  that,  we  get  our  final  electrode,  which  is  in 
a fiat  planar  geometry. 

This  electrode  is  very  brittle,  and  incapable  of 
yielding  cylindrical  or  spiral  geometries.  And  the  main 
problem  is , after  you  cycle  it  quite  a few  times , you  can 

look  at  it  visually  and  see  that  the  electrode  is  starting 

to  lose  its  mechanical  integrity,  it's  starting  to  break  up. 

There  are  several  things  about  this.  First  of 
ail,  you  can  see  that  a lot  of  these  things  here  are  just 
arbitrary.  It's  also  ouite  labor-  and  time-consuming.  Our 
approach  was  really  to  try  to  come  up  with  some  alternate 
way  where  we  could  make  these  cathodes  simpler,  so  they'd 
be  a little  more  flexible,  a little  more  elastic,  end 
maybe  let  us  get  them  in  another  type  of  geometry. 

The  approach  was  to  go  to,  instead  of  Teflon,  to 
go  to  a polymeric  material,  an  elastomer.  Polymeric 
material  you  must  think  of  like  rubber.  And  if  you're  above 
the  glass  transition  temperature  it  has  rubbery 
characteristics,  if  you're  below  the  glass  transition 
temperature  it's  a glass,  like  a bowling  ball.  Teflon  is 
like  a bowling  ball. 

So,  as  I'll  show  you,  for  each  different 
electrolyte  solvent  that  you're  interested  in  you  might  need 
a different  type  of  polymer, 

(Figure  10-3) 

I'll  show  you  the  particular  polymer  we've  been 
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using  for  the  2-methvl  THF  system,  and  then  Hll  describe  to 
you  how  one  can  go  about  selecting  these  types  of  systems. 

This  one  right  here  is  called  ethylene/propolvene/ 
diene-terpolymer  (EPDMl,  It-'s  really  a very  common 
co-polymer.  It  has  a molecular  weight  of  about  100,000  to 
200,000,  and  it's  a very  elastomeric  material.  It's 
commercially  available,  you  can  buy  it  from  Exxon,  you  can 
buy  it  from  Uniroyal.  Its  glass  transition  temperature  is 
around  -60° C. 

(Figure  10-4) 

This  slide  compares  cathode  fabrication  using  a 
polymeric  binder  with  what  1 showed  you  in  the  earlier 
slide* 

The  polymer  is  dissolved  in  a very  common  solvent, 
cyclohexane,  for  example,  and  then  ycu  take  liS2,  in 
a powder  form,  and  you  add  it  to  this  mixture  to  yield 
approximately  5 percent  binder  for  the  cathode?  compared 
to  8 to  15  percent  Teflon  and  carbon  black  in  cathodes 
made  by  the  common  proceaure, 

lAiell,  because  of  the  molecular  weight  of  the 
polymer,  what  you  get  is  a very  nice  paste,  and  you  can 
paint  it  on  nickel  exmet  and  get  a very  nice,  uniform 
cathode.  This  cathode  can  be  rolled,  it  can  be  processed 
into  cylinders,  spirals  and  what-not. 

In  our  cycle  tests  of  these  materials  they've 
always,  as  soon  as  we  comoere  them  with  the  Teflon-based 
cathode,  we  always  get  greater  cathoce  utilization  using 
polymers,  as  compared  to  the  cathode.  If  you  cvcle  them  'x' 
cycles,  like  50  or  80  cycles,  the  polymer-based  cathodes 
always  look  much  better,  they  look^  almost  as  good  as  they 
did  with  you  started.  The  Teflon-bonded  polymers  tend  to 
show  some  disruption,  some  cracks?  you  know,  flaws. 

(Figure  10-5) 

This  is  really  Just  some  photos  of  this.  This  is 
what  one  looks  like  after  120  cycles.  Vou  can  see  you  can 
make  spirals  very  easily,  very  tightly-woupd  spirals.  This 
has  5 percent  polymer,  but  you  can  use  as  little  as  2 
percent  and  not  influence  the  performance.  The  picture 
ooesn't  show.it  very  well,  but  after  120  cycles  it's  still 
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quite  flexible.  It^s  a little  darker,  but  it  still  looks 
very  smooth. 

(Figure  10-6) 

This  merely  shows  that  you  don't  need  nickel 
exmet.  This  is  Just  the  TiS2  without  nickel  exmet. 

(Figure  10-7) 

This  shows  what  1 would  say  are  some  of  the 
desirable  features  that  you  would  like  to  use  in  a polymer 
binder.  Incidentally,  there  is  nothing  magic  to  lithium. 

It  can  apply  to  any  battery  system  il  one  is  interested,  and 
has  this  problem. 

/men  I say  "soluble  in  common  solvents,"  that 
means  a solvent  that's  inert  to  your  cathode  and  active 
material,  like  TiS2*  in  this  case  we're  talking  about 
soluble  in,  say,  hydrocarbons. 

The  low  Tg,  that  really  is  determined  by  what  load 
temperature  operation  you  seek.  If  you  want  to  work  at  -40 
degrees  C and  your  battery  system  is  capable  of  doing  it,  you'd 
like  to  have  a polymeric  binder  that  has  a Tg  of,  say,  -60 
degrees  C.  So  this  temperature  right  here  can  sort  of  limit 
your  low  temperature  operation". 

AS  I mentioneo,  high  molecular  weight  merely  gives 
Vou  a more  viscous  solution  out  of  if. 

Finally,  one  doesn't  really  have  to  guess  at  what 
kino  of  polymer  to  use  for  a particular  electrolyte,  one  can 
use  the  concept  of  solubility  parameter,  which  is  fairly 
well  known  in  solution  theory,  to  actually  compare  a given 
binder,  polymeric  binder,  with  e potential  solvent. 

(Figure  10-8) 

I'll  go  through  this  somewhat  quickly.  Basically 
this  Just  defines  the  solubility  parameter.  It  comes  from 
the  free  energy  of  mixing.  This  was  all  done  by  Hildebrand, 
end  1 think  he's  still  doing  it.  but  the  solubility 
parameter  is  proportional  to  the  energy  density  and  to  the 
surface  tension. 
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All  these  factors  are  readily  found  in  the 

literature  for  almost  any  material  you're  interested  in.  If 
you  look  down  here  at  the  calculateo  values,  for  example, 
here's  the  solubility  parameter  of  2-melHF  and  EPUM.  And  you 
see  they're  really  ouite  close.  If  you  compare  the 
solubility  parameter  of  2-meTHF  with  Teflon,  that's  a 
significant  difference,  and,  indeeo,  it's  this  closeness 
that  allows  the  electrolyte  solvent  to  wet  the  cathooe.  And 
there's  a,  problem  with  wetting,  right  here,  with  the  Teflon 
and  2-meTHF. 

So  the  whole  idee  is  that  you're i trying  to  pick  a 
solvent,  calculate  the  solubility  parameter,  and  then  start 
looking  for  the  polymers  you're  interested  in,  and  calculate 
those  solubility  parameters.  And  if  they're  close,  it  tells 
you  they're  compatible  and  they'll  wet  one  another  and 
they'll  maybe  get  in  there  and  swell  some. 

If  we  wanted  to  work  with  propylene  carbonate,  our 
EPDM  elastomer  would  not  be  suitable.  We'd  have  to  find 
some  kind  of  polymer  that  would  have  a solubility  parameter 
near  II.  ; 

(Figure  10-9) 

So  as  far  as  our  studies  about  trying  to  improve 
the  cathode  integrity,  we  think  the  elastomers  are  a very 
nice  development*  they've  helped  us  cuite  a bit.  we 
routinely  now  use  spiral-wound  and  cylindrical-wound 
cathooes  where,  in  the  past,  we  were  stuck  with  planar 
geometries.  ’We  seem  to  get  much  better  cycle  life  and  cycle 
capacity. 


The  other  interesting  this  is  that  a lot  of  our 
work  has  involved  electrochemistry,  in  which  we  need  micro 
electrodes  of,  say,  TiS2.  We've  never  been  able  to  get 
suitable  micro  electrodes  using  conventional  Teflon  type 
binders.  With  these  polymeric  binders  you  can  get  these 
types  of  micro  electrodes  and  allow  you  to  do  these  studies. 

And,  finaJly,  as  I mentioned  earlier,  the 
solubility  parameter  takes  some  of  the  black  magic  out  of 
it?  you  can  actually  use  a little  Ionic  to  help  you  choose  a 
system  of  interest  to  you. 

I'd  like  now  to  discuss  the  second  topic  in  which 
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we're  interested  as  far  as  cycle  life,  and  this,  again,  is 
the  electrolyte  stability.  This  is  reaily'one  of  a lot  of 
interest  and  importance  to  us,  since  this  is  a very 
significant  problem. 

With  the  2-meTHF  system,  we're  really  primarily 
interested  in  the  oxidation  potentials  and  the  reduction 
potentials  of  this  system. 

(Figure  10-10) 

This  shows  a typical  lithium  TiS2  charging  cycle, 
and  this  is  with  the  electrolyte  lithium/arsenic/ 
hexafluoride,  2-meTHF.  And  one  of  the  problems  we're 
interested  in  is  right  here  when  we're  charging.  In  a lot 
of  these  secondary  lithium  systems  vou  find  that  you  get 
solvent  polymerization,  and  all  types  of  chemical  reactions 
occur  right  up  here  near  this  end  point.  And  the  question 
that  we  asked  ourself  is.  How  forgiving  is  the  system?  If 
we  have  a battery  with  stacks  of  cells  end  we  accidentally 
overshoot,  what  will  happen?  And  also  we're  interested  in 
trying  to  find  out  what  happens  anywey,  so  that  we  can  maybe 
try  to  improve  upon  it. 

>■^611,  what  we  have  done  is  carried  out  quite  a bit 
of  electrochemical  studies--  And  I'm  not  going  to  go  into 
the  actual  measurements,  they're  very  standard  cyclic 
voltametry  studies.  — in  which  we've  used  various 
electrodes,  such  as  platinum,  nickel,  liS2,  and  various 
salts  end  solvents  that  help  us  oeconvolute  the  data. 

Ae've  asked  ourselves*  When  we  get  near  this 
region,  what  is  happening  at  both  the  electrodes,  both  the 
oxioation  region  and  the  reduction  region. 

(Figure  10- 1 1 ) 

This  shows  where  we're  at  right  now.  We've 
elucidated  some  of  the  oxidation  properties  of  this  system. 
This  is  the  same  slide,  the  same  graph,  you  just  saw.  And 
then  there's  a break  right  here.  Anc  then  we  see  the  other 
voltages . 


The  point  of  this  is  that  2-meTHF  indeed  has 
a very  high  oxidation  potential;  you  know,  it's  really  quite 
forgiving.  And  I think  this  is  one  cf  the  excellent 
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characteristics  about  it;  in  fact,  the  liS2  oxidation,  if 
there-^s  any  exposed  nickel,  in  fact,  you  can  have  problems 
Kith  those  being  oxidized  first. 

rthat  this  really  tells  us  is  that  v/e  know  from 
some  earlier  surface  studies  we^'ve  dene  that  there  is  a 
aeqradation  problem  occurring  with  this  electrolyte.  We 
con't  really  know  how  severe  it  is.  But  if  it^s  occurrino, 
it-'s  more  likely  due  to  solvent  reduct  ion  i by  the  lithium 
it-'s  more  likely  due  to  solvent  reduction  by  the  lithium 
metal,  the  highly  reactive  electro-deposited  lithium  metal. 

Ana  so  to  try  to  improve  this  system,  what  you 
might  like  to  do,  for  example,  is  to  try  to  make  it  more  so 
that  it'^s  not  so  easily  reauced;  you'd  like  to  maybe  raise 
the  energy  to  the  lowest  unoccupiea  molecular  orbit  level  a 
little  hicner,  so  that  lithium  has  to,  pay  more  of  a price  to 
conate  that  electron  to  the  2-meTHF  riolecule  and  cleave 
the  ring.  • 

In  the  time  we  were  doing  this  work  we  started  to 
realize  that  recuction  potential  is,  indeed,  the  dominant 
problem.  Again,  our  concern  is  that  we  haven't  been  able  to 
measure  reouction  potentials  I neglectea  to  mention  that* 
primarily,  because  of  the  time,  lithium  plating  is  masking 
it.  by  using  some  other  salts  and  solvents  we  hope  to 
finally  get  the  actual  number  of  volts  for  it. 

Our  concern  is  that  this  solvent,  2-meTHF  may 
be  reduceo  right  near  where  lithium  plates.  And  then  it's 
not  too  forgiving.  On  the  other  hand,  it  may  be  a long  ways 
up,  just  like  we  saw  over  here.  So  that's'  why  we're 
continuing  our  studies.  But  in  the  process  of  doing  this, 
we  deciaed  to  look  for,  other  systems  which'  we  felt  mioht 
I'lave  improved  reduction  capability  compared  to  2-meTHF. 

(Figure  10-12) 

One  such  system  is  het eroeve lies . These  are  based 
on  the  sulfolane  system.  In  place  oi  the  oxyoen  in  2-meTHF 
we  now  have  sulfur.  And  there  are  several' of  these 
things  here. 

Several  points  to  mention.  You  might  notice  the 
low  melting  points  here.  That  means  it's  fairly  difficult 
to  use  some  of  these  at  room  temperature*  you  might  need  to 


130 


heat  them  up  to  40  or  bO  degrees  Centigrade  in  order  to  get 
enough  viscosity  and  some  good  motion  of  the  liquid. 

The  literature  shows  that  this  system  has  quite  a 
wider  electrochemiccil  domain,  you  might  say,  than  2-melHF 
and  also  the  literature  suggests  that  it  has  better 
plating  characteristics?  that  is,  oendrites  are  ndt  that 
severe  a problem. 

i'<e''ve  just  starteo  doing  seme  work  on  this  system, 
and  one  of  the  interesting  facts  is  if  you  take  lithium/ 
arsenic/hexaf lour ide  and  dissolve  it  in  any  of  these 
solvents,  the  conductivity  at  about,  say,  40  or  bO  degrees 
Centigrade,  is  similar  to  what  we  hac  earlier  with  the 
2-rneThH.  And  if  you  qo  to  80  or  90  degrees  Centigrade 
you  can  douole  that  conductivity. 

The  point  associated  with  this  is  that  it  has  a 
very  low  vapor  pressure,  2-meTrlr  has  a very  high  vapor 
pressure,  and  one  constantly  has  a problem  in  sealing  cells, 
making  them  tight.  Ihe  problem  is  not  nearly  so  critical 
here.  So  if  you  wish  to  work  at  90  degrees  Centigrade,  you 
can  00  it,  although  then  you  have  a little  problem  with  the 
salts . 


One,  incidentally,  can  also  use  mixtures  of  this 
and  2-rieTlIF,  and  you  get  a little  Jower  temperature 
operation.  Obviously  you're  going  to  compromise  and 
sacrifice  something  when  you  do  it.  But  there  are  quite  a 
few  alternatives  available. 

(Figure  10-13) 

Ihis  shows  some  cycle  life  data.  Lithium/arsenic/ 
he Xaf louride , 2-meTHF,  with  a lithium  electrode  and  a 
liS2  cathode.  This  .is  the  percent  of  theoretical  capacity 
versus  the  number  of  cycles.  And  there  are  two  cells  here* 
these  are  what  has  been  termed  "practical  laboratory  cells," 
they're  about' 400  milllamp  hours.  And  this  is  the  data  I'll 
be  talking  about. 

The  cischarge  data  is  about  2 mijliamps  per  square 
centimeter.  These  are  both  cylindrical  and  spiral  wound 
cathodes,  using  this  polymeric  binder  that  I mentioned. 

Ae're  talking  about  62  oegrees  Centigrade  operation  at  about 
100  percent  depth  of  discharge.  And  in  the  cycle  we  used 
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about  1 milliamp;  that  is  half  the  discharge  current,  1 
milliamp  per  square  centimeter  to  cherge. 

As  you  can  see,  this  right  here  shows  really  some 
oloer  data  that  Gerhard  Holleck  presentee  here,  oh,  two 
years  ago.  This  is  on  some  lithium/ersenic/hexaf louride 
2-meTHF  cells,  and  I think  they  probebiy  have  some  data 
that  moves  further  out  here  now. 

But  you  see,  the  sulfolane  system  does  get  some 
very  nice  cycle  life.  Here  at  30  percent  capacity  we  just 
arbitrarily  cut  the  current  in  half,  the  discharge  current, 
ano  let  it  continue.  Ihis  one  (Cell  No.  2)  we  stopped  for 
post  mortem  studies.  This  one  right  here  (Cell  No.  1)  is 
now  running  up  to  350  to  400  cycles. 

There  are  some  other  interesting  features  here. 

Ihe  thing  we  don"t  like  is,  the  capacity  is  dropping  with 
cycle  life.  'Ae  would  ail  like  to  see  that.  But  we  have  a 
ways  to  go. 

This  is  around  half  a percent  per  cycle  in  here, 
and  you  can  tell  there^s  actually  a plateau.  This  is  about 
.2  percent  per  cycle.  This  right  here  is  about  the  same  as 
you  have  over  here,  a half  a percent  per  cycle. 

So  this  shows  that  just  having  some  understanding, 
or  some  indication  of  how  your  electrolyte  is  degrading  can 
give  you  some  insight  on  what  better  electrolyte  to  choose, 
^se're  still  working  with  this,  and  we  hope  to  improve  upon 
it.  But,  indeed,  it  does  give  us  some  nice  cycle  life.  And 
one  of  the  ways  that  we  feel  that  we're  able  to  use  it  quite 
well  was  because  of  the  polymeric  binders  which  wetted  the 
cathode  quite  well.  This  sulfolane  would  |not  wet  the  TiS2 
cathode.  And,  in  fact,  either  Allied  Chemical  or  Union 
Carbide  has  a patent  on  this  as  a primary  lithium  cell 
electrolyte.  And  you  can  tell  from  the  electrolyte  they 
tried,  or  listed  in  the  patent,  they  tried  to  make  it  a 
recyclaole  one.  But,  again,  it's  the  wetting  problem. 

So  this  is  where  a polymeric  binder  might  give  you 
a little  more  flexibility  and  allow  you  to  look  at  some 
systems  that  you  might  not  be  able  tc  otherwise. 

(Figure  10-14) 
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Finally,  I^d  like  to  discuss  this  idea  of  the 
dendritic  formation.  Now  this  is  some  very  preliminary  data 
that  we-'re  doing  with  Burt  Otzinger  et  Rockwell 
International . 


Essentially  what  we've  been  doing  is  looking  at 
some  batteries  made  by  EIC:  They're  cells,  5 amp-hour  cells. 

And  we  had  tested  some  of  these  at  JPL,  a very  few  of  them, 
using  constant  current  charging,  which  is  a typical 
technique  here.  And  these  cells  had  failed,  and  the  current 
voltage  characteristics  showed  very  clearly  that  it  was  due 
to  dendritic  shorts.  So  our  feeling  was  that,  if  you 
remember  that  lithium  TiS2  curve  I showed  you,  as  we  get  up 
near  3 volts,  the  voltage  is  just  climbing  straight  up 
there,  and  here  we  are  forcing,  in  our  case,  300  milliamps 
back  onto  the  lithium  electrode  at  a very  high  voltage.  And 
what  this  does,  with  a high  electric  field,  if  there's  any 
type  of  morphological  perturbations  on  that  lithium 
electrode,  you're  just  going  to  enhance,  or  exacerbate  the 
oendritic  formation. 

So  what  we're  interested  in  trying  is  seeing, 
well,  can  we  try  to  plate  back  a little  more  gently  using 
something  like  constant  voltage  and  a tapered  current  or 
pulse  tapered  current  mode.  And  that's  what  some  of  this 
is*  this  is  just  tapered  current  charging. 

We  got  215  cycles,  and  this  stopped  at  one  of  these 
batteries,  mainly  because  we  accidentally  overcharged  it. 

Ihe  only  other  cell  we've  looked  at  has  gotten  153  cycles. 

Ihis  is  shown  right  here.  This  may  not  look  like  a lot  of 
cycles,  but  really  this  is  a fairly  large  cell.  And  you 
have  to  realize,  this  cell  was  made  in  early  1979  in  a set. 

So  this  is  not  too  bad. 


We've  used  current  densities  that  are  really 
fairly  high  here.  This  is  of  the  oroer  of  4 to  15  milliamps 
per  souare  centimeter.  And  this  is  normally  where  we  used 


to  work.  And  working  in 
the  current  density,  the 
of  the  capacity.  We  got 
in  the  cycles.  Normally 
it  levels  off. 


here,  going  back  up,  when  we  reduce 
discharge  density,  we  recover  most 
Quite  a bit  of  capacity  very  early 
it  takes  4,  5,  6,  7 cycles  before 


So  it's  really  too  early  to  say  just  how  effective 
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this  may  be.  But  at  least  the  very  limited  data  we  have 
looks  Quite  promising. 

So,  in  summary,  we  feel  that  the  cycle  life 
problem  is  really  very  important,  and  it's  really  quite 
complex,  and  one  is  not  going  to  solve  it  by  staying  in  a 
lab  and  dreaming  up  new  electrolytes.  One  is  going  to  have 
to  look  into  electrode  engineering,  to  other  modes  of 
charging  and  handling  these  materials,  as  well  as  packaging 
them.  Certainly  the  electrolyte  is  a very  critical  problem 
that  has  to  be  solved  together  with  them. 

Thank  you. 

DISCUSSION 

VENKATESAN  (ECD)*  I have  two  questions. 

What  is  the  compatability  of  EPDM  for  aqueous 

solutions? 


And,  I think  in  one  of  your  graphs  the  axes  must 
have  gotten  mixed  up.  The  charging  curVe,  I think  it  is 
Graph  No.  SS-ll.  I think  the  labeling  of  the  X and  Y axes 
got  mixed  up. 

SOMOANO*  I ddn't  know  the  compatability  in 
aqueous  solutions.  We've  not  worked  with  them,  so  I don't 
know  anything  about  it.  I can  find  out  for  you,  though. 

VENKATESAN*  Can  you  use  the  same  criterion  you 
use  to  evaluate  it  to  see  whether  it  is  soluble? 

SQMQANO*  Yes,  I think  so.  The  solubility 
parameter  is  really  quite  simple.  However,  when  one  goes  to 
use  it,  one  should  read  a little  bit  of  the  literature, 
because  there's  a little  more  complexity  to  than  what  1 
showed.  There  are  some  polarization  factors  that  come  in.' 
But  it  is  really  quite  straightforward  to  use.  but  we've 
never  tried  applying  it  to  aqueous  systems; 

HALPEFiT  (Goddard)*  Those  were  100  percent  depth 
of  discharge  cycles,  I take  it? 

SOMOANO*  Yes. 
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HALPERT*  And  which  is  the  limiting  electrode? 

SOMOANO*  The  cathode.  Lithium  is  never  taken  out 
or  removed  or  replaced*  it^s  the  same  lithium.  But  it  is 
cathode  limited. 
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FACTORS  AFFECTHIG  CYCLE-LIFE  III  AMBIENT 
TEffERATORE  SECONDARY  LITKIIW  CELLS 


A C0.1HON  JROCEDCSE  FOR  tlS2  CRTHODE  RRERARAIION 


• ELECTRODE  INTEGRITY 

• ELECTROLYTE  STABILITY 

BIIJOCR: 

TEFLON  ( U - 327*0 

• DENDRITE  FDRMATION 

PREPA.RATIOM] 

Ti$2,  fine  TEFLCil  POWDER  WITH  OR  WITHOUT 
CARBON  BLACK,  BALL  HILLED  FOR  - 2 DAYS. 

Figure  10-1 

PROCESSIHGt 

POWDERED  MIXTURE  PRESSED  IN  A MOLD  AT  3S0*C 
AT  2000  PSl  FOR  S MINUTES.  COOL  TO  ROOM 
TEMPERATURE  3EF0RE  REMOVED  FROM  MOLD. 

finished  I 

PROPERTIES: 

8RIITLE,  NON-FLEXISLE  PLATE.  MINIMUM 
THICKNESS  ABOUT  20  MIL. 

Figure  10-2 


cathode  polymeric  binder 

ETHYLENE  PROPYLENE  DIENE  TERPOLYAAER  (EPDAA) 


-tCHj-CHj-ljLCHj-CHHClH-aH-lz 

CHj 


X • 0.637(1 
y • 0.349(1 
X • a 014(1 


•polymerization  CONOITION; 


MONOMERS; 

CHj 

CH  • CH. 


CHj • CHj 


iw. 


Co 


DICYCLOPENTAD  lENE 


ETC. 

5-ETHYLI  DENE-2  NORBORNENE 


INITIATOR  •ICjHjIjAljClj.VCL^ 

SOLVENT  • n-HEPTANE 
TEMPERATURE  ■ 50°C 

• W.R.  SORENSON  AND  T.W.  CAMPBELL  "PREPARATIVE 
METHODS  OF  POLYMER  CHEMISTRY’  INTERSCIENCE 
PUBLISHERS,  JOHN  WHEY  AND  SONS  P299  © (1968) 


COMPARISON  OF  EPT.'I  AMD  TEFLON  AS  RINPERS  FOR  CATHODE  FABRICATION 


BlNOERt 

TEFLON  (Tm  • J27*C) , 

EPBN  a,  • -60'C) 

PREPARATIONS 

BALL-MILL  THE  TEFLON 
AND  Ti$2  powder  FOR 
1 TO  2 DAYS 

DISSOLVE  EPD.1  IN  CYClOHEXANEj 
ADD  IKE  SOLUTION  TG  tlS2  PDWDEN 

PROCESSlNCi 

PRESS  THE  BALL  HILLED 

TiS2  - teflon  mixture 

IN  A PREHEATED  HOLD 
AT  350*C,  2000  PSIj  ! 
HOLD  fon  - 5 MINUTES 
AND  COOL  TO  ROOM 
TEMPERATURE  BEFORE 
REMOVING  FROM  IIOLO 

6R0SN  The  viscous  T1S2  - EPDN 
NIXtOSE  ONTO  tll-EXllET  AT  BOON 
TENPEWTORE 

FINISHED 

PROPERTIES: 

NON-FLEXIRLE,  BRITTLE 
PLATE  SHAPE  ONLY] 
MINIMUM  THICKNESS  : 
-20  MIL 

CAN  PE  PPOCESSED  IN  PLATE,  FLEXIBLE 
CYLINDER  OR  SPIRAL  SHAPES)  NHHHINI 

Thickness  - » hil. 

Figure  10-4 


Figure  10-3 
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Figure  10-5 
TiS2  + 5wt%  EPDM 


r 


Figure  10-6 
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SELECIIOII  SCHEME  FOl^  SOLVEIIT  SOLIISLE  ELASrCIlESIC  HIllDEaS 


• SOLUBLE  III  COrilOtl  SOLVEHIS. 


• LOW  Ts  (BELOW  -20’C  IF  POSSIBLE). 

• HIGH  MOLECULAR  HEIGHT. 

• CHEMICALLY  AIID  ELECTROCHEMICALLY  STABLE  WITH 
ALL  CELL  COMPONEIITS. 


SOLUBILITY  PARAMETER  (A)  OF  THE  ELASTOMERIC  BINDER 
MUST  BE  COMPATIBLE  WITH  4 OF  ELECTROLYTE  SOLVENT 
IN  ORDER  TO  ACHIEVE  LOW  SURFACE  TENSIOtl  BETHEEH 
CATHODE  AND  ELECTROLYTE. 


Figure  10-7 


DEFINITION  AND  EXAMPLE 

• 4 Fhix  ' (*1-^2)^;  (Foh  sysTe.’O  (4i  • i2>  « 0;  Two  Compo'ienys  host  cOMPArisLE 


1/2 


0.43 


aF.iix  ■ fPEE  ENEPOr  OF  MIXI'IO 

iEv  ^ ItOLAP  EMERSY  OF  VAPOPIEATIOH 

V • Molar  volume 


■A^v  . Cohesive  energy  density 

V 

4 • solubility  PARAMETER 
T ■ SURFACE  TENSION 


••  Calculation  of  solubility  parameter  of  liouios  and  polymers  by  group  additivity 

METHOD. 

A Ey  - I,  AEi  V - I,  A V, 

El  - AT0.1  0?  S^OUP  MOLAR  CONTRI3UTION  TO  THE  ENEROf 
VAPORIZATION 

Vi  “ ATOM  OR  G.ROUP  MOLAR  CONTRIBUTION  TO  THE  VOLUME. 


Example:  Propylene  Carbonate  CYCLaHEXANt 

^CALC  (CAL-n3)l/2  11. 1 8.07 

‘measured  (C;L-Cm3)1/2 


2JiE,THF  I tm  Teflon 
8.06  ; 8.42  6.66 

8.16  6.2 


* J.H.  Hildebrand  and  R-L.  Scott  'The  Solubility  of  Nonelectrolytes* 
A.C.S.  Monograph  Series  No.  12  (i960). 

“R.F.  Fedors,  polymer  engineerins  and  Science  li  No.  2 p.  142  (1924) 
AND  ik  No.  5 p.  472  (1974). 


Figure  10-8 
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CELL  VOLTAGE  (VOLTS) 


COL'CLUSIO'IS 


ELAST0,".£3S  CA'I  FUllCTIO'l  AS  l«?50VED  3INDESS  FOT  RECHA3GEASLE 
CATHODES. 

..  F1FX1BILITY!  CA!1  EE  PROCESSED  IKTO  OlFFEREHT  GEOKETRIC 
SSSPtSft^.,  aUllDER,  SPIRAL,  PLATE  - ALL  WITH  VARIATE 
THICKNESS. 

1:  CATHODES  RETAIH  INTEGRITY  UNDER 
NO  VISUAL  DETERIORATIONS. 


. HICROELECTRODES  can  be  hade  from  powdery  CATHODE  MATERIALS  FOR 
VOLTAHKETRY  STUDIES. 


SOLUBILITY  PARAMETER  IS  A USEFUL  TOOL  IN  SELECTION  OF  AN 
ELASTOfiFR  WHICH  IS  ROTH  COMPATIBLE  WITH  THE  ELECTROLYTE 
SOLVENT 


Figure  10-9 

SECONDARY  LITHIUM  BATTERY  TASK 

TYPICAL  CHARGING  CURVE,  Li/TiSj  CELL 


OXIDATION  POTENTIALS 
IN  A Li/LiAsF6-2-Me-THF/TiS2  CELL 


2-MeTHF  OXIDATION 


5.0  - 

TIS2  OXIDATION 


Nl  OXIDATION 


charge  time  (MINUTES) 


Figure  10-11 


Figure  10-10 


SECONDARY  LITHIUM  BATTERY  TASK 

CONDUCTIVITY  OF  LlAsF^/SULFOLANE  ELECTROLYTE 


M.P.  • MELTING  POINT 
3.P.  • BOILING  POINT 


SECONDARY  LITHIUM  BATTERY  TASK 

NEW  ELECTROLYTE  SOLVENTS 

SULFOLANE  SYSTEM 


• HETEROCYCLICS 

u 

CH, 

a 

,ca 

.w 

O'^'O 

0'^»0 

0*5.^o 

SULFOLANE 

3-METHYL  SULFOLANE 

3 

M.P.  ■ 27*C 

M.P.  • 0‘C 

M.P.  ■ -3*C 

B.P.  • 285‘C 

B.P.  ■ 276’C 

B.P.  • 281*C 

Figure  10-12 
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% OFTHEOR.CATHODE  UTILIZATION 


Figure  10-13 


EFFECTS  OF  CHARGING  MODE 

EIC  BATTERY  EVALUATION/5  A-HR  CELIS 
(W/ROCKWEll  INTERNATIONAL) 


• CONSTANT  CURRENT  CHARGING 

• IS  CYCLES  TILL  FAILURE  (DENDRITIC  SHORTING) 

• CONSTANT  VOLTAGE/TAPERED  CURRENT  CHARGING 

• 25  CYCLES 

• 53  CYCLES  (GREATEST  CYCLE-LIFE  FOR  A SECONDARY 
LI  CEIL  OF  THIS  SIZE) 


CAPACITY 

(A-hr) 


Figure  10-14 
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PROGRESS  IN  SECONDARY  LITHIUM  bATTERIES 


G.  L.  Holleck 
EIC 

Pd  like  to  give  today  a brief  update  on  some  of 
our  activities  in  secondary  lithium  batteries.  In 
particular  Pll  be  reporting  on  test  results  obtained  with 
20  ampere-hour  iithium/molybdenum  trisulfide  cells.  And  let 
me  mention  that  this  work  was  supported  by  NOSC  with  DOE 
funds,  and  the  contract  monitor  was  Joe  MacCartney,  and  it 
was  funded  through  our  ONR  contract  which  is  monitored  oy 
Dr.  Jerry  Smith. 

Over  the  years  we  have  developed  a recharaeable 
lithium  electrode,  and  we  have  reported  repeatedly  on 
various  occasions  about  many  aspects  of  this  development, 
and  we  have  demonstrated  the  performence  in  hermetically 
sealed  laboratory  cells.  These  cells  use  flat  plate 
electrodes  of  typically  .6  ampere-hours  which  are  enclosed 
in  D-size  hardware. 

We  have  literally  built  Inmdreds  of  such  cells  and 
they  ere  generally  designed  to  deliver  100  cycles. 

(Figure  11-1) 

There  are  some  of  them. 

To  demonstrate  ceil  performance  in  practical 
packages,  we  have  manufactured  prismatic  lithium/titanium 
oisulfide  and  lithium  vanadium  oxioe  (V5  0]_3)  cells  of  about 
5 ampere-hours. 

(Figure  11-2) 

These  are  the  types  of  cell  that  Dr.  Somoano 

mentioned. 


Most  recently  we  have  also  built  20-hour  prismatic 
lithium/molybdenum  trisulfide  cells  and  they  are  shown  in 
the  next  slide. 

(Figure  11-3) 
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It^'s  turned  around,  but  it  doesn^t  matter. 

Those  are  the  cells  that  I will  oe  talking  about, 
the  mirror  image  of  those  cells. 

^Jhy  are  we  interesteo  in  the  lithium/molybdenum 
trisulfide  system? 

(Figure  1 1 M) 

It  had  a potential  eneroy  censity  which  is  higher 
than  that  of  lithium/titanium  disulfide.  Some  possible 
energy  densities  end  performance  values  for  cells,  projected 
■from  preilirninary  data  obtained  on  smell  cells,  are 
summarized  in  this  figure  here. 

If  you  look  at,  say,  a D cell  in  a primarv  mode, 
you  can  expect  about  9i  watt-hours  per  pound  and  over  seven 
watt-hours  per  cubic  inch. 

Now  when  you  go  to  a rechargeable  system  you 

naturally  have  lower  energy  densities.  Typically  you  mioht 
look  at  somethino  of  7b  watt-hours  per  pound  at  the 
oeuinninq,  and  about  50  watt-hours  per  pouno  after  50 
cycles. 

In  larger  packages  than  this,  depending  on  rate, 
it's  in  the  area  of  100  watt-hours  per  pound,  and  that  is 
considerably  more  than  you  can  oet  from  practical  lithium/ 
titanium  disulfide  cells. 

(Figure  1 1 -b ) 

Ihis  is  some  of  the  data  obtained  in  small 
laboratory  cells  that  was  used  for  those  calculations,  and 
here's  a family  of  discharge  and  charge  curves.  The 
cischarge  voltage  is  about  I .9  volts  and  as  you  see,  we  get 
three  electrons  per  molybdenum  trisulfide  initially,  and 
after  50  cycles  we  ere  still  above  tvo  electrons  per 
molybdenum  trisulfide.  Anc  if  we  reduce  the  current 
censity,  we  recover  most  of  this  lost  capacity  again,  which 
is  an  indication  that  we  haven't  really  changed  the  active 
fiioterial  but  rather  it  is  electrode  structure  that  causes 
this  decrease. 

(Figure  I I -6 ) 
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As  I mentioned,  electrode  structure  is  an 
important  parameter.  This  includes  the  formulations,  the 
binder  and  conductive  material  like  carbon  that  you  might 
add  to  the  electrode. 

Here  you  see  a family  of  curves  which  have 
different  amounts  of  carbon  and,  again,  at  the  lower 
current  density  and  the  higher  carbon  contents,  you  realize 
three  electrons  per  molybdenum  trisulfide. 

(Figure  11-7) 

On  the  basis  of  such  data  we  have  designed 
iiO-ampere-hour  breadooerd  modules,  and  we  chose  a prismatic 
cell  design  with  a side  opening.  This  aJlows  us  to  adjust 
the  capacity,  to  use  various  capacity  cells  with  the  same 
hardware  end  the  same  components. 

Ihe  electrooes  are  approxirrately  four  bv  four 
inches  to  give  you  an  idea  of  the  size.  And  the  ceils 
that  nm  talkinc?  about  here  have  11  cathooes  and  21  ennodes, 
and  they  use  a Celoaro  separator. 

v»e  have  built  five  such  cells. 

(Figure  11-8) 

This  shows  you  a discharge-charge  curve,  a typical 
cne,  of  such  a cell,  and  you  see  it  celivers  somewhat  above 
20  ampere-hours.  'Ihe  voltaoe  is  1.9  volts,  and  it  looks 
exactJy  the  sane  as  the  small  cell  curve  that  I have  shown 
you  before. 

(Figure  11-9) 

ihis  slide  shows  you  a variation  in  the  discharge 
rate.  Here  at  the  lower  rate  we  obteined  almost  2b 
ampere-hours,  which  is  equivalent  for  this  cell  to  2.5 
electrons  per  molybdenum  trisulfide.  At  2 ampere  the 
capacity  was  20  Ah. 

Three  cells  were  used  for  cycle  testing.  The  test 
regime  is  shown  here. 

(Figure  11-10) 
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Initially  all  cells  were  subjected  to  full  depth 
capacity  cycles  between  preset  voltace  limits.  Then  cycle 
testing  was  carried  out  to  70%  DOD.  The  cells  were  charoed 
at  constant  current  to  2.8V. 

(Figure  1 1 -.M  ) 

This  table  summarizes  the  cycle  test  results. 

After  20  cycles  cell  2 aeveloped  a soft  short  probably  due 
to  Li  dendrites  and  testing  was  discontinued.  Cell  3 showed 
a similar  problem  after  35  cycles.  Ihen  in  subsequent 
cycles  the  soft  short  disappearec  anc  the  cell  cycled 
normally  until  in  cycle  50  a soft  short  reappeared  acain. 
Ihis  soft  shorting  manifests  itself  by  a higher  charge  input 
without  reaching  the  upper  voltage  limit.  Occasionally  we 
observed  also  voltage  fluctuations  ouring  charge.  Cell  5 
has  completed  over  50  cycles  without  shorting.  After  35 
cycles  the  cell  reached  the  cutoff  vcltaoe  on  discharge  end 
subseouently  you  see  a decreasing  capacity  upon  cycling.  In 
cycle  52  we  reduced  the  current  density  and  we  recovered 
the  initial  capacity.  So  again  it  is  not  a material  change 
but  rather  an  electrode  structural  change. 


This  cell  is  still  on  test. 

So  in  summarizing,  we  are  quite  pleased  with  the 
performance  of  these  first-order  cells.  The  failure  mode 
has  been  as  you  have  seen,  shorting  by  lithium  dendrites. 

And  whet  we'll  be  doing  now  is  to  take  these  cells  aoart  and 
carry  out  a detailed  analysis  in  an  effort  to  identify  the 
location  and  the  reasons  for  the  shorting.  Then  we  will 
proceed  to  develop  solutions  to  this  problem. 

Thank  you. 


DISCUSSION 

MALACHESKV  (Exxon)*  One  of  the  big  problems  that 
we  see  which  will  be  a major  technical  difficulty  to 
overcome  in  secondary  ambient  temperature  to  lithium  cells 
is  of  course  the  problem  of  series'  cell  operation. 

Do  you  know  what  the  behavior  is  of  these  cells  on 
reversal,  on  discharge,  anc  on  overcharge?: 
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HOLLECK*  You  cannot  overcharge  these  cells 
without  taking  special  precautions  or  you  degrade, 
irreversibly  degrade  the  electrolyte. 

Now  we  have  done  some  experimentation  with 
introducing  a chemical  shuttle,  for  example,  which  can  carry 
an  overcharge  current,  but  clearly  that  needs  further  work 
and  it  has  to  be  addressed  because  in  some  way  you  have  to 
cut  off  and  prevent  overcharge  unless  you  introduce  a 
special  mechanism  to  take  care  of  it. 

With  large  systems  I think  it  can  be  done  without 
much  penalty  also  electronically,  but  with  small  systems 
this  is  not  feasible. 

MALACHESKY*  My  next  question  is  what  is  the  ratio 
of  lithium  in  these  molybdenum  trisulfide  cells  to  the 
capacity  of  the  cathode  material? 

.h'QLLECKt  A factor  of  five.  If  they  would  not 
have  shorted  these  cells  would  have  cone  much  longer. 

HIMY  (Navy  Department)*  Heve  you  tried  to  prevent 
dendrites  by  transfer  membrane?  Are  you  using  Cellgard? 

HOLLECK*  Yes,  this  is  Cellgard. 

HIMY*  Are  you  trying  to  change  it? 

ilOLLECK*  We  would  like  to  have  a better 
separator,  yes. 

HIMY*  Are  you  trying  to  work  on  it? 

HOLLECK*  We  are  trying  to  work  on  it  but  we  do 
not  at  the  moment  have  sufficient  funds  for  that  work. 
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Figure  11-1 


Figure  11-2 


Figure  11-3 


LI/.'i0S3.  S(X€  POSSIBILITIES  BASED  ON  SCALE-UP 
OF  PRELimWARY  DATA 


Rate 

Ah 

wh 

wh/lb 

Wh/cu  in. 

d-cell  - Primary 

300  HA 

'13 

22 

-91 

>7 

D-cell  - Rechargeable 

1st  cycle 

500  hA 

>10 

>18 

70-75 

>6 

50th  cycle 

300  mA 

>6.8 

>12 

A5-50 

>A 

100  Ah  size- 

1st  cycle 

c/20 

127 

>7 

50th  cycle 

C/20 

>85 

>5 

1st  cycle 

C/IO 

100 

>6 

50th  cycle 

C/10 

65-70 

>n 

Figure  11-4 
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E'/HoSj 

1 2 3 


Capacity,  mAh 


Figure  11-5 


1.  Hudson  csn  K7640 

2.  Negative  electrode 

3.  Glass  to  metal  seal 

4.  Negative  terminal 

5.  lead  to  negative  terminal 

6.  Positive  terminal 

DESIGN  FOR  20  Ah  SECONDARY  Li  RAIYERY 


7.  Can-cover  weld 
e.  PTFE  sheet 

9.  Leads  to  positive  terminal 

10.  Alternating  electrodes  with  2 
layers  Celgard  2400  between 
each  pair 

11.  Celgard  2400 


Figure  11-7 


3.0 


1.0  t, 

0 


5 


10 

Time,  hrs. 


15 


20 


Ll/MoSj  CELL  DISCHARGE-CHARGE  CYCLE  AT  2A 

Figure  11-8 


Ll/noSj  CELL  DISCHARGE 


Capacity  Cycles  (R) 

DISCHARGE!  2A  TO  1.6V 
CHARGE!  2A  TO  2.8V 


Figure  11-9 


20  Ah  LI/W0S3  CELL  CYCLE  TEST 


Cycle  Test 

DISCHARGE!  2A  TO  70X  DOD 
CHARGE!  lA  TO  2.8V 


Figure  11-10 


Cycle  No. 

CELL  2 

C,  Ah  MDV,  V 

Cell  3 

C,  Ah  MDV,  V 

Cell 
C,  Ah 

_5 

MOV,  V 

Comments 

1 

20.3 

1.86 

18.1 

1.90 

18.2 

1.90 

3 

19.8 

1.90 

18.8 

1.90 

16.3 

1.93 

5 

12.0 

2.05 

12.0 

1.98 

12.0 

2.00 

10 

14.0 

2.05 

12.0 

1.99 

12.0 

1.95 

15 

14.0 

2.04 

12.0 

1.93 

12.0 

1.93 

20 

14.0 

1.88 

12.0 

1.97 

12.0 

1.93 

Cell  2 soft  short 

30 

12.0 

1.90 

12.0 

1.92 

35 

8.6 

1.83 

11.5 

1.90 

Cell  3 soft  short 

R5 

12.0 

1.90 

7.7 

1.91 

Cell  3 recovered 

50 

9.8 

1.85 

6.0 

1.92 

Cell  3 soft  short 

52 

18.7 

1.97 

1 REDUCED,  0.25A 

Figure  11-11 


/ 
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ARMY  POSITION  ON  LITHIUM  BATTERY  SAFETY 

E.  Reiss 
U.S.  Army 

Electronics  Research  and  Development  Command 


This  afternoon  Gerry  Halpert  asked  me  if  I would 
speak  with  you  for  a few  minutes*  substituting  for  several 
of  the  speakers  that  were  unable  to  give  you  their  formal 
presentations  today. 

The  first  thing  he  asked  me  was  what  is  the  Army‘'s 
position  on  safety,  and  then  he  made  a comment  about  there 
aren't  enough  questions  this  afternoon,  see  if  you  can  get 
people  to  respond.  Let  me  see  if  I can  do  both  things  for 
you  in  a brief  period  of  time. 

First  off,  when  I'm  asked  what's  the  Army's 
position  on  safety,  it  brings  up  one  ouestion,  and  that  is 
whose  definition  of  safety  do  you  want  to  use?  Are  we  going 
to  use  the  solaier's  definition,  whether  he  be  the  truck 
driver,  the  aviator,  or  are  we  going  to  go  back  into  the 
laboratory  and  dig  out  the  most  scientific  aefinitions? 

We  at  Fort  Monmouth,  as  the  primary  center  for 
battery  applications  in  the  Army,  ha\e  come  to  a conclusion 
in  the  last  few  years  that  safety  is  the  most  important 
factor  in  the  cesign  of  lithium  batteries.  And  to  that  end, 
in  the  last  six  to  nine  months  we  ha\e  been  addressing  very 
specifically  the  1 itliium/sulfur  dioxide  battery. 


Following  that  up,  we  have  come  up  with  a 
specification  that  describes  what  we  hope  to  see  as  a safe 
proouct  that  can  be  used  by  the  Army. 

Now  how  safe  go  we  want  it?  We  want  it  to  be  as 
safe  as  possible.  We  would  like  to  be  able  to  take  a 
battery  and  subject  it  to  any  conditions  that  any  of  you 
here  can  think  of  and  have  no  harm  to  yourself  or  to  someone 
near  you.  And  we  know  that  can  be  dene. 

We  have  tried  to  be  a little  realistic.  We  know 
that  there  are  certainly  limitations  to  what  you,  the 
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manufacturers,  can  put  into  a battery,  and  certainly  you 
expect  there  are  certain  limitations  on  what  the  users  will 
CO  with  your  products. 

Several  of  you  I'm  sure  have  seen  our  previous 
specifications.  Several  of  you  have  delivered  batteries  and 
cells  to  us  for  evaluation  .and  presently  we  have  probably 
half  e dozen  different  production  contracts  for  batteries. 
Again  I'rn  talking  about  lithium/sulfur  dioxide  only.  These 
batteries  will  be  used  by  our  soldiers. 

In  order  to  try  to  tell  you  whet  we  consider  to  be 
a safe  design,  I thought  I would  briefly  run  through  the  new 
specification  that  we  have  put  together — It's  Mil  B-49377. 

It  has  a date  on  it  right  now  of  9 September  I9bl.  It  will 
be  updated,  probably  within  the  month,  due  to  several  portions 
of  that  document  that  we  feel  have  to  be  updated.  The  new 
spec  number  is  MIL-B-49430. 

In  that  particular  document  we  thought  the  best 
way  of  addressing  safety  was  to  start  with  the  cell,  rte're 
not  telling  any  of  the  manufacturers  how  large  they  have  to 
make  the  cell;  we're  only  really  talking  about  the 
ciniensions  of  a battery. 

but  in  the  cell  area,  we  have  agreed  that  the 
first  thing  that  we  need  is  an  hermetically  sealed  cell,  and 
a.  cell  that  must  have  a balanced  or  1 ithium-limiteo 
chemistry,  he  have  seen  hundreds,  prooebly  thousands,  of 
calls  and  many  more  batteries  that  we've  been  testing  in  the 
last  several  years  to  document  the  limitations  that  we  feel 
are  acceptable  to  the  Army. 

From  these  batteries,  these  cells,  we've  come  up 
with  what  we  feel  is  the  proper  background i material  to 
document  and  support  the  specification. 

but  1 don't  want  to  bore  you  with  the 
specification.  The  first  part  is  the  cells. 

Ae're  ooino  to  be  looking  for  hermetically  sealed, 
we're  going  to  be  looking  for  lithium-limited  or  a balance 
of  lithium  to  sulfur  dioxide  with  a ratio  of  one,  based  on 
stoichiometry.  A'e're  ooino  to  be  performing  some  tests  on 
these  cells  prior  to  testing  batteries  to  insure  that  thev 
do  meet  our  requirements. 
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We  are  also  iookinq  for  lov  moisture  content  in 
the  cejls.  We  feel  that  this  contributes  a high  degree  of 
ouality  to  the  ceils  in  the  areas  of  rapid  startup  voltages 
under  heavy  currents. 

We  have  also  had  some  experience  where  high 
moisture  content,  we  feel,  is  directly  related  to 
degradation  in  shelf  life. 

From  the  cell,  we-'re  going  to  go  to  the  battery. 
The  batteries  certainly  are  going  to  have  to  give  us 
acceptable  capacity. 

The  specification  that  I mentioned  presently 
defines  five  different  batteries.  Three  of  them  are  at  6.9 
amp-hours  under  a 2 amp  load  at  70  degrees  Fahrenheit. 
Another  battery  has  slightly  higher  capacity.  And  the  last 
battery  is  a .85  amp-hour  battery  uncer  1 oelieve  a 50 
milliernp  load.  There  are  corresponai no  capacities  at  high 
temperature  and  low  temperature  that  go  along  with  these 
capacities . 


One  of  the  things  that  we  are  planning  to  do  is  to 
insure  that  we  are  getting  the  proouct  that  we  have  defined, 
ano  to  Qo  that  we  have  a series  of  ttsts  speiled  out.  They 
cover  shocK,  vibration,  altituae,  high  temperature  storage, 
low  temperature  discharges,  high  temperature 
discharges,  and  combinations  of  all  of  these  things. 

What  we're  looking  for  is  good  capacity  ana 
safety.  The  whole  reason  for  going  it  again  is  the  safety 
that's  inherent  in  the  design.  We  know  that  it  can  be  met 
and  that  the  soldiers  that  we're  dealing  with  need. 

'ihe  spec  itself  is  based  on  real  data.  We  are 
trying  to  get  the  best  product  possible.  If  you'll  take  a 
look  at  some  of  these  numbers  you^ll  say,  "Why  do  you  want  7 
amp-hours  from  a D cell  type  battery?"  And  the  answer  is  we 
really  don't  want  7 arnp-hours,  we  want  7-1/2. 

When  you  take  a look  at  it  and  you  see  some  of  the 
reversed  current  discharge  tests,  we  are  asking  for  1-1/2 
amps  iri  reversal,  we  really  want  2 amps  but  the  state  of 
the  art  really  isn't  there  that  we  can  document  it  that 
rigicly  in  a spec  and  expect  anyone  to  bid  on  it  or  give  us 
that  type  of  a product. 
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But  we  ree]ly  want  it.  lAie  really  would  like  to 
see  3 amps  in  reversal  but  the  technology  is  not  there. 

The  driving  force  that  we've  been  operating  under 
in  the  last  nine  months  is  essentially  a dictate  from  our 
command  saying  that  the  battery  must  be  safe  for  the 
soldiers.  And  when  we  were  given  that  edict,  it  essentially 
said,  “The  soldier  doesn't  know  what  the  product  is.  rie 
doesn't  know  what  tests  you've  done  on  it.  He  doesn't  know 
what  limitations  it  has.  In  fact,  he  probably  thinks  it's  a 
big  flashlight  battery.*' 

And  if  we  take  a look  at  the  incidence  of  leakage 
of  alkaline  cells  or  possibly  some  explosions  in  mercury 
ceils,  and  if  you  go  to  the  users  in  the  military  and 
civilian  market,  you  will  hear  that  there  are  incidents 
weekly,  maybe  monthly.  It's  not  unheard  of  that  you  have 
these  types  of  incidents. 

have  been  tasked  with  trying  to  come  up  with  a 
lithium/sulfur  dioxide  oattery  that -surpasses  all  of  the 
stanaards  for  previous  batteries. 

Now  we  feel  that  it  certainly  can  be  made.  We 
have  purchased  it  anc  we're  going  to  continue  purchasing  it. 

But  I would  like  to  emphasize  today  that  we're  definitely 
looking  for  a product  that's  superior  to  the  product  of 
yesterday. 


The  next  real  area  that  we've  addressed  is  related 
to  the  quality  assurance.  How  do  we  verify  that  we're 
getting  a good  product?  Very  quickly  I'd  like  to  sum  it  up. 

We're  doing  two  things,  ana  these  are  in  relation 
to  the  production  contracts  that  have  been  awarded  and  will 
be  awarded  in  the  near  future. 

What  we're  proposing  to  do  and  have  done  is  to 
require  an  increased  number  of  samples  in  the  first-article 
phase  of  our  program.'  In  the  past,  the  first  article  of 
lithium-sulfur  dioxide  batteries  for  the  Army  required  a 
sample  size  of  56  batteries  that  were  subjected  to  the 
various  environmental  capacity  tests.  And  based  on  a 
hundred  percent  acceptance  of  those  tests,  the  contractor 
was  permitted  to  go  on  with  production. 


At  the  production  level  he  would  do  similar  tests 
and  providing  he  met  the  acceptance  rate  — I believe  the 
number,  was  around  a 10  percent,  maybe  6 percent  acceptable 
quality  level,  the  manufacturer  would  continue  to  deliver 
the  product. 

To  enhance  that,  to  give  us  the  safety  that  we're 
now  asking  for,  the  government  at  Fort  Monmouth  is  going  to 
have  an  additional  quantity  of  batteries  delivered  at  the 
beginning  of  the  first  article.  These  30  batteries 
are  going  to  be  subjected  to  similar  tests  that  the 
contractor  is  doing. 

Ae  will  be  analyzing  for  the  ratio;  we'll  be 
analyzing  for  the  moisture  content?  ve'll  be  discharging  the 
batteries  at  the  high,  low  and  room-temperature  conditions. 
Ihese  batteries  carry  the  same  acceptance/failure  rate  as 
the  tests  done  by  the  contractor?  that  is,  no  failures  are 
permitted. 


Once  we  get  to  the  production  phase  of  these 
batteries,  a new  clause  is  being  inserted  in  the  contracts 
which  will  require  2 percent  of 'the  production  batteries  to 
be  delivered  to  the  Army  for  evaluation.  This  is  something 
that  has  not  been  done  on  other  battery  contracts  in  recent 
years.  However,  it  is  one  of  the  methods  that  we  feel  is 
mandatory  to  insure  that  we're  getting  the  product  that  we 
need . 


This  is  the  only  way  that  we  can  go  out  to  the 
soldiers  and  say,  ^'»Ne  have  the  documentation  to  show  that 
the  batteries  met  the  conditions  imposed  by  the 
specification  and  the  same  level  of  performance  should  be 
exhibited  by  the  products  that  they  see." 

The  last  item  that  we're  doing  in  the  quality 
assurance  area  to  again  enhance  safety  is  that  we're  going 
to  be  requiring  a quality  control  plen  or  quality  assurance 
plan  by  the  manufacturers  essentially  on  how  they  build  and 
control  the  product.  It  should  start  from  the  introduction 
of  the  raw  materials  into  their  plant,  through  the 
manufacturing  processes  to  the  finished  product. 

This  will  be  a document  that  will  be  required  in 
all  of  our  contracts.  Approval  must  be  obtained  prior  to 
fabrication  of  the  batteries.  Again  it's  an  attempt  to 
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insure  that  high  quality  has  gone  into  the  manufacturing  of 
these  particular  products. 

So  with  that,  I would  like  to  stop.  It-'s  a quick 
summary  of  where  we  are  at  this  point  in  time. 

I'o  like  to  ask  for  any  questions  that  you  have. 

ALLVEV  (SAFT)*  \ou  described  the  specification.  I 
can^t  quite  see  the  need  to  specify  e composition.  It  seems 
to  me  that  if  you  had  arrived  at  a black  box  type 
specification  you  wouldn-'t  have  excluded  many  other  couples. 

REISSJ  You're  correct.  If  we  had  written  the 
spec  in  a general  nature  it  woulo  ha\e  permitted  many 
electrochemistries  to  meet  the  reauireinents.  '.Ne  realize 
that  certainly  some  of  them  could  not  meet  some  of  the 
teclmical  requirements  of  high  rates  and  low  temperatures 
for  a given  volume. 

However,  we  felt  that  we  must  have  a complete 
understanding  of  whet's  going  into  these  products. 

Over  the  years  you've  all  heard  of  many  safety 
incidents  related  to  lithium  batteries  in  general.  Some  of 
the  comments  that  you've  heard  were  true  and  some  of  them 
were  simply  rumors. 

The  specification  that  we  put  together  is  based  on 
very  specific  data  that  we  have  generatea  and  have 
confidence  in.  >''ie  are  presently  in  the  position  where  we 
have  received  phone  calls  and  inquiries  on  the  use  of 
various  new  electrochemistries  in  applications. 

I'm  in  a very  awkward  position  sometimes  because  I 
aon't  have  the  background  to  fully  qualify  one  of  these 
other  electrochemistries.  And  to  that  end  we  have  specified 
a lithium  sulfur  dioxide  chemistry  that's  based  on  real  data 
that  we  have  generated,  so  that  we  have  a complete 
understanding  of  whet  the  product  is. 

ALLVEY*  Does  that  mean  then  that  you'll  follow  up 
with  another  specification  for  each  and  every  couple? 

REISSs  At  this  point  in  time  1 would  say  Yes.  As 
we  build  confidence  in  thionyl  chloride  or  sulfural  chloride 
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or  whatever  the  particular  need  is  that  is  required  by  the 
Army,  we  will  address  it  singularly  lor  that 
electrochemistry t and  we  will  address  it  with  a specific 
specification. 

ALLVEY*  So  does  that  really  mean  that  you're 
excluding  thionyl  chloride  for  the  next  three  or  four  years? 

tlElSSs  1 would  say  at  this  point  in  time,  for  the 
next  two  years  we  will  not  have  a specification  on  thionyl 
chloride.  But  we  will  be  working  on  generating  the  data  to 
support  such  a specification.  Ae  presently  have  several 
programs  doing  just  that. 

HARRIMAg  (Cargocaire ) s \ou  mentioned  that  you're 

going  to  specify  the  amount  of  moisture  in  the  cell.  What 
level  of  moisture  do  you  intend  to  specify,  and  how  do  you 
propose  to  measure  that? 

REISS*  We  are  presently  specifying  1,000  parts 
per  million  or  less.  The  particular  method  is  by  titration, 
the  Carl  Fisher  method.  I don't  have  all  the  specifics  of 
it,  but  I can  obtain  them  for  you. 

MAHY  (CIA)s  No  failure  acceptance  testing  is 
good,  out  I'm  a little  curious  as  to  how  you're  going  to 
define  failure  such  that  you  can  actually  co  it.  Good 
cuality  batteries  generally  have  some  turkeys,  and  that's  a 
fact  of  being  in  the-  primary  battery  business. 

How  are  you  going  to  define  failure  such  that 
you're  going  to  be  able  to  really  gei  contracts  and  really, 
then,  get  hardware  into  the  warehouse? 

REISS*  Under  the  first  article  phase  cf  it,  I 
saio  that  the  contract  will  reauire  no  failures  in  the  first 
article . 


Failure  in  capacity  would  be  a battery  that 
exhibits  capacity  below  the  specified  number  in  the 
contract.  These  numbers  are  set  on  the  low  side.  For 


instance,  I said  6.9  amp-hours  at  2 amps  for  the  D cell 
batteries,  and  we  expect  7-1/2.  We  feel  that  that  margin  is 
sufficient  to  give  the  manufacturer  the  confidence  that  he 
can  meet  the  6.9  amp-hours. 
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When  it  cpmes  to  the  safety  portion,  we're 
considering  venting  fires  or  explosions.  A single  venting 
is  considered  a failure  by  us  at  this  point  in  time.  In 
years  past  venting  was  considered  to  be  one  of  the  safety 
mechanisms  in  a battery.  We're  requiring  that  a vent  be  in 
the  batteries , 

But,  on  the  other  hand,  we  consider  that  if  a 
battery  vents  under  the  conditions  imposed  by  the 
specifications,  which  are  conditions  that  are  likely  to 
occur  in  the  field,  that  that  would  be  unacceptable  to  some 
of  the  users. 

Now  it  depends  whether  it's  an  aviator  in  a closed 
cockpit,  or  a soldier  sitting  out  in  the  middle  of  a desert. 
Ihere  are  different  conditions.  But  venting  is  now 
considered  by  definition  a failure. 

When  we  get  to  the  production  level,  there  is 
either  a 6 or  10  percent  failure  rate  that  we  will  permit  on 
capacity  for  the  contractor's  testing,  and  9 percent  failure 
on  capacity  op  the  government  testing.  That's  of  the  2 
percent  sample. 

When  it  comes  to  the  safety  portion  of  the  two 
phases,  venting,  fire,  explosion  are  considered  very 
critical  to  us  and  a single  failure  is  considered  grounds 
for  lot  reaction  or  first  article  rejection, 

dAMES  (Naval  Surface  Weapons  Center)?  Do  you  have 
any  published  information  that  I could  obtain  on  the  effect 
of  water  content  on  the  degradation  cf  these  lithium  S02 
cells?  ^ 

REISS*  I believe  there  is  a paper  put  out  by  one 
of  the  people  at  Fort  Monmouth,  Gabe  DlMasi.  ’ If  you  let  me 
get  your  name  and  address  I'll  see  that  the  two  of  you  get 
together. 


Thank  you. 
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NAV\  POSITION  ON  LITHIUM  SAFETY 
F.  Bis 

Naval  Surface  Weapons  Center 

I'm  not  going  to  talk  about  the  DOD  Safety 
Committee  because  that  is  for  official  use  only,  but  what  I 
woulo  like  to  oo  is  to  address  the  Nfvy's  position  on 
lithium  safety  because  it  is  quite  different  from  that  of 
the  Army. 


The  Army  has  fewer  platforms  to  work  with  than 
the  Navy.  For  example,  the  Navy  has  land,  sea,  air  ano 
subsurface  platforms  to  be  concerned  with,  so  we  have  to 
evaluate  the  lithium  batteries  and  the  system  unoer  all 
of  those  various  platforms. 

Now  the  way  the  Navy  is  tasked  — and  manv  of  vou 
have  heard  of  the  document  which  I'm  going  to  refer  to  is 
NAVSEA  INST.  9310.1.  NAVSEA  04H  is  the  primary  center  for 
lithium  safety  in  the  Navy  and  they're  tasked  by  the  Naval 
Material  Command.  That  anpears  in  NZ-VSHA  INST.  9310.1. 

In  9310.1,  NSWC  is  named  as  the  focal  point  for  lithium 
battery  safety,  reporting  directly  to  NAVSEA  04H. 

Now  there's  an  update  comino  out  in  February  on 
NAVSEA  Instruction  9310.1.  It  will  be  called  9310. lA,  and 
it's  much  more  detailed  than  the  pre^ious  instruction  in 
that  it  goes  into  what  the  pass/fail  criteria  are  ano  what 
tests  will  actually  be  performed. 

Now  first  of  all,  the  Navy  does  not  certify 
batteries.  We  certify  a system  for  the  end  item.  In  other 
words  the  tests  which  I will  describe  are  safety  tests  on 
the  whole  system. 

The  safety  tests  whicn  we  run  are  principally^ 

(1),  short  circuit  with  all  fuses  bypassed;  (2),  forceo 
discharge  at  the  fuse  value,  whatever  fuse  value  goes  into 
that  circuit  the  battery  will  be  discharged  at  that  value 
into  reversal  for  150  percent  of  the  advertised  battery 
capacity. 

Ihe  last  test  is  the  one  that  you  ere  ell  goinn  to 
love.  It's  called  the  modified  incineration  test  or  the 
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he.at  tape  test.  Many  of  you  have  heard  of  it,  \ou  don-'t 
like  it,  but  the  idea  is  we  take  the  battery,  fresh,  and 
oischarged,  end  heat  it  up  at  20  degrees  C.  per  minute  to 
bOO  degrees  C.  inside  the  unit. 

Now  there  are  some  units  within  the  Navy  we  can't 
get  a heat  tape  inside  because  they're  so  closely  packed, 
bo  on  those,  we  run  what  is  called  INH-50,  which  is  a fujl~up 
luel  fire.  In  other  words  you  heave  it  in  the  fire  end  see 
what  happens. 

Now  you  say  is  this  the  real  world?  I mean  can 
you  really  subject  batteries  to  this':  And  the  answer  is 

Ves. 

For  example,  I have  become  familiar  with  the 
Sonobuoy  business  lately  and  I've  found  that  the  way 
they  take  Sonobuoys  apart  is  they  ser.d  a V'hite  Hat  out  with 
an  ax.  Using  the  ax  and  he  takes  the  Sonobuoy  apart. 

These  systems  can  be  abused.  In  other  words,  if  there  is 
any  way  to  abuse  them  they'll  be  abused. 

So  we're  reallv  looking  at  what  hanpens  to  the 
system  under  these  very  severe  batterv  abuse  conditions. 

The  philosophy  is  as  follows? 

Ahat  we're  trying  to  do  is  to  create  the  worse 
hazard.  One  of  the  above  three  tests  will  lead  to  a 
hazardous  situation  and  we  want  to  see  how  the  system 
reacts  to  that  hazarc. 

Now  hopefully,  through  tt^e  aid  of  safety  devices 
such  as  diodes,  fuses,  and  thermal  oevices,  to  shut  adverse 
reactions  down,  we  can  eliminate  or  severely  drop  back  from 
the  most  hazardous  situation.  However,  we  still  want  to 
know  how  the  system  is  going  to  react  uncer  these  severe 
conoitions. 


^ Now  just  recently  we  completed  a test  program  on 
three  manufacturers  of  the  0-62  Sonobuoy.  ; These  are  full-up 
tests  asking  for  certification  for  service  use,  so  the 
above  thrte  tests  were  run.  There  were  three  different 
manufacturers.  I won't  name  the  manufacturers. 

One  of  them  worked  well  with  no  problems 
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during  the  tests.  In  other  words  the  unit  vented.  They  were 
SO2  batteries.  Ihe  unit  vented  auitc  nicely  because  they 
had  provided  for  pressure  relief  within  the  housing. 
Temperatures  upon  venting  reached  1500  degrees  Celsius.  In 
other  words  we  had  a fire  insiae  but  the  fire  never  cot 
outside  the  shell  of, the  Sonobuoy.  That  was  Manufacturer  A. 

Manufacturer  Bs  The  pressure  built  up;  it  cracked 
the  transducer,  swelled  the  clamshells  and  we  miaht  have  had 
problems  getting  that  out  of  the  aircraft. 

Manufacturer  C»  Under  tail  three  tests,  the  Sonobuov 
came  apart,  and  suffered  from  fire  and  flame.  Pressures 
varied  from  20  in  Case  C to  200  psig.  hhen  it  reached  200 
psig  we  had  a missile  going  down  range  when  it  let  go. 

Now  let's  get  back  to  the  pass-fail  criteria. 

Suppose  we're  sitting  on  land  in  a warehouse.  (1),  one  can 
tolerate  a venting  and  also  a minor  lire.  There  will  be  a 
sprinkler  system  in  the  warehouse  to  try  to  keep  the 
Combustibles  from  catching  on  fire. 

Now  let's  put  it  on  an  aircraft.  In  an  aircraft 
One  can  tolerate  venting,  but  one  cannot  tolerate  an  external 
fire  from  the  unit,  or  swelling  of  the  unit  so  you  can't  get 
rid  of  it. 


And  the  same  thing  occurs  on  board  surface  ships, 
he  can  tolerate  a minor  fire  and  expulsion  of  the  oas. 

Now  we  get  to  the  worst  case,  the  submarines. 

Tne  submarine  is  a complete  containment  problem. 

In  other  words,  if  the  battery  nets  into  a hazardous 
situation  it  cannot  expel  its  contents  outside  the  unit. 

Now  we  are  recently  working  on  a system  called  the 
GPS  system.  That's  the  Global  Positioning  System.  It's  a 
tri-service  positioning  system.  It  has  a small  lithium 
battery  for  backup  memory.  It  is  not  contained. 

Now  we're  taking  a different  approach  on  the  GPS 
battery,  he're  asking  what  would  be  the  nuantity  and  types 
of  cases  which  could  come  out  of  that  battery  if  it  were  to 
vent.  The  same  three  tests  described  above  are  ooing  to  be 
run  on  the  GPS  system. 
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Now  how  aid  all  this  come  about? 

•Nell,  every  one  of  you  has  heard  of  the  bermuda 
Incident,  and  that's  where  It  all  stcTted.  The  Sonobuoys 
weren't  being  tested  before  bermuda  as  far  as  lithium 
batteries,  but,  after  Bermuda,  all  these  systems  are  now 
comina  in  for  testino.  We've  triea  to,  standardi ze 
what  the  test  plan  is  qoino  to  be  sc  that  the  manufacturers 
of  the  battery  and  the  eouipment  know  exactly  what  they're 
facing. 


And  I repeats  The  three  tests  are  short  circuit, 
forced  discharge  at  the  fuse  value,  and  modified  or  full -up 
incineration.  And  the  approach  is  what  happens  to  the 
system? 


Sometimes  even  though  the  system  reacts  in  an 
adverse  way, — for  example,  we  had  ah  air  deployable 
expendible  store  "Photo  Finish",  and  the  whole  nose  cap 
ejectea  upon  venting.  That  one  we  get  around  by  modifying 
the  stockpile-to-target  scenario,  ano  we  encased  it  in  a 
gray  overpack  like  you  would  a Sonobuoy.  So  there  are  always 
ways  to  work  your  way  around  a problem. 

And  I repeat,  we're  not  certifying  batteries, 
we're  certifying  a system  with  a battery  in  it.  It's  the 
enc  item  that  gets  certified. 

I 

Any  questions  on  this  point? 

(No  response.) 

You're  all  happy  with  the  incineration  test? 

HELLFRITZSCH*  How  are  we  going  to  keep  track  of 
the  origin  of  the  first  batches  that  pass  all  this  to  make 
sure  that  you  continue  to  get  a similar  product? 

BiS!  Well,  YOU  notice  I said  the  end  item.  If 
there-'s  a change  in  the  battery  of  any  tvpe,  or  the  battery 
compartment  or  the  circuit,  that  becomes  a Class  1 ECP  and 
is  brought  in  for  review  and  may  be  subjected  to  retest 
depending  on  the  safety  review. 

HELLFRITZSCH*  What  I'm  thinking  about  is  the 
internal  construction. 
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BIS*  The  internal  construction  of  the  battery? 

HELLFRITZSCH*  Of  the  battery. 

BIS*  Okay,  I see  the  point  yoU'^re  rnakina. 

It's  impossible  to  tell  if  there  is  anything 
changed  internally.  But,  pefiodicall y,  for  exatnple,  in  the 
Sonobuoy  business  there  ate  recertifications  which  are  done, 
and  those. are  all  done  at  Crane.  Anc  part  of  that 
recertification  Involves  recertification  of  the  safety 
tests.  So  they  are  periodically  done. 

If  there  are  any  adverse  effects  which  happen  at 
that  point,  then  we  go  back  in  end  teke  another  look  at  it. 

Ihere  are  two  types  of  reviews  also,  which  i 
failed  to  mention.  There's  a preliminary  review  and  there's 
a final  review.  Ihe  final  one  is  a full**up  test  program, 
whereas  the  preliminary  is  a paper  study  where  we  look  at 
the  circuit,  the  interaction  of  the  battery,  the  coupling  of 
the  battery  to  the  load,  et  cetera,  end  we  make 
recommendations  at  that  point  for  improved  safety* 

GROSS  (Gulf  end  Western)*  NAVSEA  Instruction  9310.1 
specifically  requires  a hermetic  seal  for  lithium  batteries. 

bis*  That's  correct. 

GROSS*  That  is  to  be  assumed  that  that's  gospel i 
there  will  be  ho  departure  from  that? 

Bis*  Not  at  the  present  time.  That's  included 
also  in  9310. lA.  In  Other  words,  basically  9310. lA  is 
almost  identical  to  9310.1,  except  at  the  back  end  of  it 
there  is  a full-up  test  plan  for  certification  for  service 
use  with  few  changes  in  the  words  at  the  front. 

HARRIMAN  (Cargocaire) * Do  you*  as  with  the  Army, 
specify  the  moisture  level  in  the  battery? 

BIS*  No.  I think  I'm  gding  to  get, myself  in 
trouble,  but  you  notice  I haven't  addressed  any  chemistry.  I 
Qon't  care  what  chemistry  you  come  in  with?  1 don't  care  if 
you  put  dynamite  inside  the  unit.  We're  going  to  test  it 
the  same  way.  I don't  care  what  moisture’contenti  I don'^t 
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care  what  you  put  in  there.  That's  the  test  that  you're 
going  to  be  judged  acainst. 

Now  you'll  notice  I never  nientioned  anything  about 
performance.  Ihis  is  strictly  safety.  t\e're  not  specifying 
performance,  lhat's  up  to  the  original  equipment 
manufacturer,  to  see  that  the  performance  is  adequate.  And 
we  have  programs  within  the  Navy,  obviously,  to  look  at 
that,  particularly  in  the  Sonobuoy  area  or  in  other  areas. 

But  the  safety  tests  are  actually  run  on  whatever 
is  inside.  You're  really  looking  at  a black  box,  in 
essence.  i 


ALLVEYs  Just  out  of  interest,  how  do  you  define 
6 hermetic  seal?  You  say  it's  ouotec  in  9J10.I.  How  co  you 
cefine  it? 


biss  How  do  1 define  a hermetic  seal? 

ALLVEYs  Yes.  ’ : 

BIS:  I don't  have  9310.1  with  me,  but  normally  a 

hermetic  seal  is  defined  as  the  leak  rate  of  the  seal  to 
gaseous  helium,  and  I believe  the  number  quoted  here  is 
1 X 10“°  cc's  per  second.  So  that  would  be  defined  as  the 
hermeticity  of  the  seal. 

SCUILLA  (CIA)*  Ihe  new  NAVSEA  Instruction  that 
is  going  to  be  coming  out,  will  that  be  exclusive  to 
lithium  systems  or  are  vou  looking  at  others;  zinc  anodes? 

bis*  No,  that's  exclusively  addressing  lithium 
systems.  We're  not  specifying  just  SO2  or  thionyl  chloride 
or  NM02. 


SCUILLA*  Are  there  any  intentions  to  do 
comparative  tests  with  other  systems  like  you're  doing  to 
the  lithium  system?  You're  talking  ebout  safety  aboaro 
vessels  and  in  submarines.  There  are  other  types  of  battery 
chemistry  couples.  Are  you  going  to  expose  them  to  the  same 
types  of  rigid  testing  regimes  that  you're  exposing  the 
lithium  systems  to? 

BIS*  No,  because  we're  chcrged  and  tasked  under 
9310.1  A and  we're  limited  to  lithium  systems. 
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To  answer  your  question,  if  we  did  the  same  tests 
on  an  alkaline  cell,  we'd  get  into  serious  trouble.  Alkaline 
cells  will  explode  under  an  incineration. 

really  is  a weapons  specification  that 
pertains  to  explosives,  and  the  question  that  is  normaJly 
asked,  is  how  long  before  the  explosive  lets  go.  Ano 
the  only  parts  of  WR50  which  are  really  applicable  to 
lithium  batteries  are  that  you  set  the  systems  three  feet 
above  a JP5  fuel  fire. 

But  we^'re  not  trying  to  imply  that  lithium 
batteries  are  explosives  in  any  way,  shape  or  form,  but  we 
do  use  WR50  for  the  fuel  fire  specification. 


163 


Page  intentionally  left  blank 


DESTRUCT/NON-DESTRUCT  EVALUATION  OF  CYCLED  NiCd  CELLS 


S,  DiStefano 

Good  morning.  This  work  is  part  of  the  effort 
that  was  described  to  you  by  Dr.  Ambrus  yesterday,  and  it  is 
funded  by  NASA's  OAST  office. 

(Figure  14-1) 

Figure  1 is  a brief  description  of  our  JPL 
nickel-cadmium  battery  task.  And  I'll  just  briefly  describe 
to  you  some  of  the  elements. 

Statistical  analysis  --  is  a topic  which  Irv  will  be 
talking  about  a little  bit  later  on,  and  I won't  touch  upon 
that.  The  basis  for  this  task  is  our  cycling  program  which 
was  in  part  designed  from  results  from  statistical  analysis, 
end  it  consists  of  40  12-ampere-hour  General  Electric  cells 
which  have  chemically  impregnated  pletes.  We  have  a 
test  matrix  consisting  of  temperature  ana  depth  of 
oischerges,  as  shown  on  Figure  1 . 

Destruct  analysis.  I will  speak  very  briefly 
about  destruct  analysis  because  the  results  of  most  of  our 
tests  were  presented  at  the  Denver  electrochemical  society 
meeting,  and  there  will  be  a symposium  published  which  will 
contain  the  results  that  I presented  there.  So  I won't 
dwell  on  tfiat. 


What  I'll  be  talking  about  today  in  the  most  part 
will  be  our  non-destruct  analysis,  and  in  particular  the 
application  of  AC  impeoance  technioues,  as  a non-aestruct 
evaluation  means. 

(Figure  14-2) 

Figure  2 is  a brief  description  of  the  engineering 
goals  of  this  program.  In  particular  we  want  to  provide  a 
non-oestruct i ve  method  to  analyze  anc  study  the  oegradation 
processes  occurring  in  n ickel-cadmiuni  cells  to  provide  a 
test  for  — an  in  situ  test  — for  general  energy 
availability  — state  of  charge,  if  you  will  and  to  provide 
a technique  for  determining  the  quality  of  cells  or  failure 
signatures,  ana  ultimately  provide  a technioue  for 
determining  battery  cycle  life. 
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(Figure  14-3) 


Figure  3 is  a brief  description  of  the 
experimental  technique.  Briefly,  we  measured  cells  at 
several  states  of  charge,  although  1^11  mainly  be  speaking 
of  cells  measured  at  zero  state  of  charge. 

Impedance  is  measured  as  a function  of  freouency 
over  a range  from  about  .1  rniliihertz  to  ten  kilohertz.  And 
as  you  can  see  from  the  brief  schematic  diagram,  the  spectra 
are  measured  as  a response  to  an  rms  voltage  applied  at  a, 
stabilized  potential  state  of  the  cell.  Most  of  the  data 
manipulation  is  done  by  a computer. 

(Figure  14-4) 

Figure  4 is  a brief  description  of  circuit 
analysis.  As  you  can  see,  the  definition  of  impedance  as  a 
vector  in  the  complex  plane.  And  as  you  look  at  these 
different  schematics,  there^s  a response  •—  for  example,  the 
response  of  a pure  resistive  element  in  the  impedance  plane, 
and  similarly  here's  a response  of  a pure  capacitive  element 
in  the  impedance  plane,  Here's  a response;  that  one  would 
expect  from  a series  connection  of  a resistor  and  a 
capacitor.  And,  similarly,  here  is  the  response  one  would 
expect  from  a parallel  connection  of  a capacitor  and  a 
resistor. 


It's  these  type  of  elements  that  we're  looking  at. 

(Figure  14-5) 

Figure  5 is  a brief  generalization  of  how  one  can 
consider  an  electrochemical  interface  as  a set  of  resistive 
and  capacitive  elements,  and  how  one  might  aetermine 
electrochemical  information  from  studying  the  frequency 
response  of  an  equivalent  circuit.  Ihe  thing  that  I'm 
trying  to  point  out  on  this  chart  is  that  basically  there 
are  two  processes  which  can  be  described  as  fast  and  slow, 
namely  electron  transfer  processes  as  depicted  here  are 
relatively  fast  processes,  whereas  mess  transfer  processes, 
which  are  generally  limited  by  diffusion,  are  relatively 
slow  processes.  And  the  equivalent  circuit  shown  here  is 
the  one  commonly  used.  It  takes  into  account  the  major 
processes  that  occur  at  electrochemical  interfaces. 
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(Figure  14-6) 

Figure  6 is  the  expected  response  of  circuits  such 
as  Hve  shown  on  the  previous  slide.  Analytically  one  can 
show  that  at  very  fast  frequencies  the  frequency  response  of 
the  impedance  obeys  this  equation,  which  is  the  equation  of  a 
circle.  Similarly,  at  relatively  low  frequencies  the 
impedance  obeys  the  equation  of  a straight  line. 

This  is  the  type  of  response  that  one  would  expect 
from  an  electrochemical  interface.  And  this  method  has  been 
used  for  many  other  applications,  particularly  corrosion 
end  Just  general  electrochemical  studies. 

As  you  can  see,  the  parameters  such  as  the  double 
layer  capacitance  and  charge  transfer  resistance  and  the 
ohmic  resistance,  which  are  indicative  of  electrochemical 
processes,  can  be  obtained  directly  Irom  such  a diagram. 

(Figure  14-7) 

On  this  slide  I have  some  actual  spectra  of  sealed 
cells  which  we  obtained  using  this  technique,  a couple  of 
things  I want  to  point  out.  Firstly,  they  appear  very  much 
like  they  are  predictea.  This  is  a control  cell,  it  Just 
hao  unoergone  several  --  or  conditioning  cycles.  And  this 
is  a cell  which  hao  been  cycled  according  to  the  conditions 
shown  here,  in  particular  40  degrees  Centigrade  and  35 
percent  ODD.  Secondly,  I want  to  point  out  the 
inductive-type  effect,  which,  as  far  as  I know,  no  one  has 
really  been  able  to  understand  why  it  happens.  There  is  some 
speculation  that  this  could  be  due  to  some  kind  of  inductive 
effect  of  the  stacking  of  plates  Inside  the  ceil,  but  that 
has  not  been  verified. 

(Figure  14-8) 

Ihis  slide  is  meant  to  show  some  of  the  work  we've 
done  on  the  properties  of  the  porosity  of  the  sinter  inside 
these  nickel-cadmium  cells.  In  particular  what  we  did  is  we 
went  back  and  looked  at  some  of  the  oata  obtained  by  Tracey 
and  hilliarns  on  the  different  types  cf  sinter  and  developed 
from  this  literature  data,  an  equation,  an  empirical 
equation  which  fits  this  data.  This  equation,  fits  the  data 
for  the  obtained  porosities.  In  other  words,  this  eouation 
which  is  schematically  depicted  here  describes  the  porosity 
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as  a function  of  resistivity.  The  reason  .I'm  putting  this 
here  is  because  we  think  that  this  is  one  of  the  things 
which  will  be  more  evident  in  some  oi  the  AC  impedance 
spectra. 

(Figure  14-9) 

1 show  here  a literature  correlation  between  the 
different  kinds  of  pores  of  different  geometry  and  their 
predicted  AC  impedance  spectra.  And  as  you  can  see»  as  the 
pore  geometry  changes  the  spectra  is  predicted  to  change 
also.' 


If  one  assumes  circular  pores,  cylindrical  pores 
and  transmission  line  theory,  one  predicts  that  the  slope  of 
the  line  when  you  plot  the  imaginary  part  of  the  impedance 
as  a function  of  frequency  should  be  to  the  order  of  .75  or 
minus  three-ouarters . And  for  planar  electrodes  it's  shown 
that  the  slope  should  be  proportional  to  the  minus  one-half 
power.  Figure  10  shows  that  for  some  ce.Jls  this  is 
verified. 

(Figure  14-10)  As  you  can  see,  at  a given 
frequency  range  what's  happening  here,  the  electrodes  appear 
to  be  behaving  as  planar,  and  at  the  higher  frequency  range 
they  appear  to  be  behaving  as  the  porous  electrodes.  And  we 

think  that  this  transition  here  where  the  behavior  changes 
from  porous  to  planar  could  be  an  incicetion  as  to  what  is 

happening  insioe  the  cell.  And  thot'‘s  what  we-'re 
monitoring.  The  numbers  at  the  bottom  of  Figure  10  show 
that  there  are  different  ways  of  plotting  these  parameters, 
and  they  are  all  consistent  with  each  other.  If  one  plots 
the  log  of  omega  versus  the  real  part  of  the  impedance,  one 
obtains  the  same  parameters  as  you  would  from  just  plotting 
Z versus  Z',  or  Z-imaginary  versus  the  real  part. 


(ricure  :14-11) 

Figure  .11  is  some  of  the  data  that  we've  obtained 
so  far.  There  are  very  slight  trends  being  observed.  In 
particular  we  see  that  the  double-layer  capacitance  — which 
is  a measure  of  surface  area  available  for,  electrochemical 
reactions  usually  decreases  with  cycling  in  almost  all 
conoitions  that  we've  looked  at.  Ihe  ohmic  resistance  is 
pretty  much  constant,  but  you  would  expecti  that  since  that 
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really  reflects  the  external  circuit.  Charge  transfer 
resistence  appears  to  be  increasing  also  as  a function  of 
cycling.  INe  have  no  hard  core  explanations  for  the  data. 

I'm  just  showing  this  to  show  what  kind  of  experiments  we're 
monitoring. 

(Figure  14-12) 

One  of  the  things  that  we  have  observed  is 
signature  for  cell  failure.  This  AC  impedance  spectrum 
again  is  characteristic  to  some  extent.  It  was  taken 
approximately  300  cycles  before  the  cell  failed.  And  at  the 
time  we  really  could  not  explain  why  this  spectra  was 
somewhat  anomalous.  In  particularly  we  were  monitoring  the 
Warburg  slope,  and  it  tended  to  show  just  a pure  capacitive 
element.  And  we  think  that  perhaps  in  this  case  it  was  due 
to  some  kind  of  pore  blocking  or  something  where  the  cell 
was  acting  as  a capacitor.  And  if  you'll  recall,  in  the 
schematic  for  response  of  electrical  elements  the  capacity 
shows  basically  an  up-and-down  spectrum  when  monitored. 

This  is  the  spectrum  after  the  cell  faiiea?  just  a 
short  basically. 

In  conclusion,  .we  think  thet  the  AC  impedance 
technique  can  be  used  to  monitor  many  of  these  degradation 
processes  occurring  in  the  cell,  and  we  are  right  now  in  the 
process  of  doing  some  boiler  cell  type  experiments.  That  is 
to  say,  we  are  monitoring  individual  components  of  the  ceil 
to  see  what  is  particularly  causing  these  changes  in  the 
spectra . 


Ihank  you. 

DISCUSSION 

LACKNER  (Defense  Research  Board,  Canada)!  In  the 
slide  you  had  showing  the  double  layer  decreasing  with 
cycling  it  seems  as  if  there's  a temperature  dependence.  At 
40  Degrees  C and  35  DQD  there  doesn't  seem  to  be  any  change 
with  cycling,  whereas  at  30  degrees  C and  35  DOD,  as  well 
as  at  20  DOD  there's  quite  a change.  Do  you  have  any 
comment  on  that? 

DI  STErANQ!  I won't  comment  at  this  time  since 
this  is  only  a two  point  set  of  data.  I'll  look  at  it  more 
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closely  when  I qet  back,  but  1 think  before  I could  make 
any  comments  I'd  have  to  look  at  a lot  more  data,  and  that's 
what  we're  doing. 

Irv  might  have  a comment. 

SCHULMAf^*  What  we  have  noticed  in  this  cycling 
program  is  that  the  depth  of  discharge  seems  at  least  to 
have  a much  greater  effect  on  the  quality  of  the  ceils  than 
the  temperature  over  this  particular  range. 

BAWDRUM  (Hughes  Research  Labs)*  : What  sort  of 
separator  were  you  using  in  these  studies,|and  what  period 
of  time  were  these?  what  sort  of  cycle  rates  were  you 
using? 


DI  STcFANDs  Ihe  separator  was  aPellon  separator, 
usually  used  in  the  GE:  cells.  And  I don't  understand  what 
you  mean  by  "period  of  time." 

EARDRUMS  For  the  LED  cyclt. 

DI  SlEFANQs  \es,  these  ce.Us  ere  in  simulate  LED 

program. 

OLBERT  (Bell  Aerospace)*  /re  you  doing  these 
measurements  at  any  other  temperature  other  than 'this?  Are 
you  going  down  like  — 

DI  STEFANDt  These  are  the  highest  temperatures 
we're  using;  40  degrees  Centigrade  is  the  highest. 

DLBERT*  How  about  low? 

DI  S'lEFAND*  20  cegrees  is  our  lower  limit.  We're 
going  from  20  to  40  degrees. 

DLBERT*  It's  my  understancing  that  most  people 
are  running  batteries  in  spacecraft  now  closer  to  zero,  why 
ere  you  not  coing  your  testing  in  this  area? 

DI  SIEFAND*  Like  I said  in  the  beginning  of  the 
talk,  the  program  was  designed  in  conjunction  with  the  JPL 
failure  moael  that  we  developed  previously,  and  in  order  to 
get  parameters  for  the  failure  model  it  eppeered  better  that 
we  use  these  temperatures. 
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tie  claim  that  we  can  extrapolate  from  the  failure 
model  to  low  temperatures,  but  we  ha\en''t  verified  it.  3ut 
that  was  the  reason  why  we  haven't  used  lower  temperatures. 

bFiODti^lCK  (Goddard):  There's  a little  confusion 

in  my  mind  whether  this  is  a separate  test  from  ,the 
accelerated  program.  Do  you  actually  run  these  tests  at  JFL 
or  is  this  completely  isolated  from  the  accelerated  test 
program? 


DI  STEFANQ:  If  you  mean  by  that  the  Crane 

acceleratea  test  program,  yes,  these  are  run  at  JPL. 

maLQV  (Seton  HalJ  University):  It's  rny 

understanding  that  the  theory  for  this  is  oeveloped  for 
single  electrodes,  lhat  is,  you're  neasuring  a singJe 
electrode  double  layer  capacitance  and  so  on,  ana  then  you 
apply  this  to  the  cells. 

Would  you  care  to  comment  es  to  which  electrode 
you  feel  has  contributec  the  most  to  the  total  double  layer 
caoeci tants? 

DI  SIEFANO*  We've  done  some  preliminary  tests 
usinc  reference  electrodes,  and  other  people  have  done  this 
also.  And  we're  fairly  sure  that  we're  looking  at  the 
positive  electrode.  This  is  the  nickel  electrode  that  we're 
looking  at. 

HOGEDS  (Hughes  Aircraft)*  I'm  a little  confused 
about  something.  You  say  you're  locking  at  the  positive 
electrode.  Actually  the  double  layers  look  like  two 
capacitors  in  series,  which  means  the  one  with  the  least 
capacitance  wouic  show  up  in  your  test. 

Do  I have  that  right? 

DI  SIEFANQ:  That's  correct. 

HOGEDS:  Is  that  what  you're  trying  to  say? 

DI  STEFANG*  What  happens  is  in  this  two  electrode 
moae  that  we're  doing  these  tests  the  contribution  from  the 
cadmium  negative  electrode  does  not  eppear  to  show  in  this 
spectra. 
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JPL  NICKEL-CADMIUM  BATTERIES  TASK 


• POST  MORTtM  CHEMICAL/SPECTROSCOPIC  TESTS 

• MECHANICAL PROPERTIES  OFSINTER 


Figure  14-1 


PURPOSE 


• PROVIDE  A NON-DESTRUCTIVE  METHOD  TO  ANALYZE  AND 
STUDY  DEGRADATION  PROCESSES 


• TO  PROVIDE  AN  IN  SITU  TEST  OF  ENERGY  AVAILABILITY 


• TO  PROVIDE  A TECHNIQUE  FOR  THE  DETERMINATION  OF 
FAILURE "SIGNATURES" 


• TO  PROVIDE  A NON-DESTRUCTIVE  MEANS  OF  PREDICTING 
BATTERY  CYCLE  LIFE 


Figure  14-2 

A.C.  IMPEDANCE  TESTING  - EXPERIMENTAL 
TECHNIQUE 


• CELLS  CAN  BE  MEASURED  AT 
SEVERAL  STATES  OF  CHARGE 

• IMPEDANCE  IS  MEASURED 
OVER  FREQUENCY  RANGE 
a I mHz  TO  10  KHz 

• SPECTRA  ARE  MEASURED 
FROM  CURRENT  RESPONSE 
TO  A 10  mV  RMS  ALTERNAT- 
ING VOLTAGE  APPLtD  TO  THE 
EQUILIBRATED  STATE  OF 
CHARGE  OF  A GIVEN 

caL 

• FREQUENCY  RESPONSE  ANALYZER 
MEASURES  IMPEDANCE  AS  A 
FUNCTION  OF  FREQUENCY 


Figure  14-3 


A.C.  IMPEDANCE  TESTING 
SIMPLE  CIRCUIT  THEORY 


- IMPEDANCE  AS  VECTOE 
IN  COMPLEX  PLANE 


Z" 


-EESPONSE  OF  PUEE 
EESISTIVE  ELEMENT 


-EESPONSE  OF  CIECUIT 
ELEMENTS  IN  SEEIES 


Figute 

-Jlfllw-  A.C.  IMPEDANCE  TESTING  - EQUIVALENT  CIRCUIT 


MASS 


C„  - DOUBLE  layer  CAPACITANCE  - RERECTS  THE  ELECTRODE  SURfACE 
AREA  AND  CONCENTRATIONS  OF  IONS,  AOIONS,  AND  ADSORBED 
SPECIES 

R..  ‘CHARGE  TRANSFER  RESISTANCE  - DETERMINING  FACTOR  IN  THE  RATE 
OF  ELECTRODE  REACTIONS,  HIGH  VALUES  MAY  INDICATE  IRREVERSABU 
REACTIONS 

' Zu,  - ■WARBURG'  DIFFUSION  IMPEDANCE  •-  MEASURE  OF  SURFACE 
" CONCENTRATIONS 

Rfl  - SOLUTION  AND  SEPARATOR  RESISTANCES 

Figure  14-5 


c 


- RESPONSE  OF  PURE 
CAPACITIVE  ELEMENT 


‘RESPONSE  OF  Circuit 

ELEMENTS  IN  PARALLEL 


14-4 

-jfeil-:-  A.C.  IMPEDANCE  TESTING  - EQUIVALENT 
CIRCUIT  RESPONSE 


• EXPECTED  FREOUENCY  RESPONSE  OF  EQUIVALENT  CIRCUIT 


• METHOD  HAS  BEEN  VALIDATED  IN  THE  LITERATURE 


• PARAMETERS  CAN  BE  OBTAINED  DIRECTLY  FROM  CHARACTERISTIC 
SPECTRA 

Figure  14-6 
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A.C  IMPEDANCE  TESTING  - TYPICAL  SPECTRA 


COMPLEX  IMPEDANCE  DIAGRAM  L2-88UW)  COMPLEX  IMPEDANCE  DIAGRAM  L2-82IOV1 


POROSITY  VS.  RESISTIVITY 

•DEVELOPED  A CORRELATION  BETMEN  ELECTRICAL  RESISTIVriY  AND 
SINTERED  PLAQUE  POROSITY 

•AS  <t>  APPROACHES  «mAX  RESISTIVITY  INCREASES  WITHOUT  LIMIT 

no  ■ RESISTIVITY  OF  BULK  NICKEL 
=•  7 fi-ohm-cm  (LIT.  VALUE) 

«MAX  • maximum  POROSITY  CONSISTENT 
WITH  STABLE  PACKING 


RESISTIVITY  VS  POROSITY 
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Mz),n(z”) 


-j|)^  A.C.  IMPEDANCE  TESTING  - POROUS  ELECTRODES 


• DEPENDENCE  OF  IMPEDANCE 
WITH  FREQUENCY  AS  A FUNCTION 
OF  PORE  GEOMETRY  HAS  BEEN 
DETERMINED, 

-H.  KEISER,  ELECTROCHIMACTA.. 
21,  539(1976) 


• USING  CYLINDRICAL  PORES  AND  TRANSMISSION  LINE  THEORY  Z" 
IS  PROPORTIONAL  TO 

• FOR  PLANAR  ELECTRODES  Z"  IS  PROPORTIONAL  TO  w 


Figure  14-9 


L2-59  IMPEDANCE  PARAMETERS 


SLOPE  OF  A s -0.769 
SLOPE  OF  B s -0.526 

FREQUENCE  Z’V^w 

RANGE 

<100  mHz  Z'«w’^'^ 

>lHz  ZVw-1/2 

-10  12  3 4 

LOG  w 

RESULTS 

• IMPEDANCE  PARAMETERS  MEASURED 


METHOD 

Rn 

Rct 

^dl 

Z'VSZ" 

0.0475 

0.  175-0. 225P. 

1. 36-1, 74F 

LOGwVS  Z' 

0.0475 

0.13250 

1.51F 

coZ"\^Z' 

0.0475 

0.13250 

1.98F 

•IN  ONE  FREQUENCY  RANGE  «100  mHz)  THE  CELL  BEHAVIOR 
CORRESPONDS  TO  POROUS  PLATES  AND  IN  ANOTHER  Hzi 
IT  CORRESPONDS  TO  PLANAR  PLATES 


Figure  14-10 
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(ohms) . 


A.C  IMPEDANCE  TESTING 


• ELECTROCHEMICAL  PARAMETERS  FOR  CYCLED  CELLS 


CELL  NUMBER 

CYCLES 

^CT 

30°C, 

59 

0 

4.0 

0.04  ^ 

0.14 

3.6  F 

35%  DOD 

59 

1116 

3.0 

0.07 

0.33 

1.7  F 

30°C, 

68 

1957 

1.3 

0.0 

0.6 

15. 2 F 

20%  DOD 

68 

3119 

3.4 

0.04 

2.9 

2.2  F 

40°C, 

82 

1332 

2.3 

0.04 

2.1 

2.1F 

35%  DOD 

82 

2448 

1.8 

0.0 

2.1 

2.2F 

Figure 

14-11 

A.C.  IMPEDANCE  TESTING 


"SIGNATURE"  FOR  CELL  FAILURE  OBSERVED 


COMPLEX  IMPEDANCE  DIAGRAM  L'295  lOV)  COMPLEX  IMPEDANCE  DIA GRAM  L 295  lOV) 


Figure  14-12 


ELHCTROCHEf.il CAL  MODELS  EOH  ThE  DISCHARGE 
CHARACTERISTICS  OF  THE  NiCd  CELL 


M.  Spritzer 
Villanova  University 

I'd  like  to  talk  today  about  a brief  study  that 
was  done  here  at  Goddard  this  summer,  'ihe  idea  was  to  see 
if  by  using  basic  electrochemical  .principles,  without  trying 
to  cet  too  empirical,  we  could  evalucte  several,  or  come  up 
with  several,  different  models  and  compare  them  with  some 
experimental  data  that  had  been  taken  previously.  I'le  didn't 
take  rhe  experimental  data. 

(Figure  15-1) 

If  we  start  with  a very  simple-minded 
thermodynamic  model  of  the  nickei-cacmiurn  cell  and  we  use 
the  usual  reaction  equation  proposed  for  the  reaction  at  the 
positive,  we  get  a standard  Mernst  eouation  for  the 
potential  which  can  be  rearranged  slightly?  you'll  see  in  a 
moment  why. 


Similarly,  for  the  reaction  orecedind  at  the 
negative  we  come  up  with  a similar  Fernst  type  equation; 
it's  broken  up  in  this  form  as  you'll  see  in  a moment. 

(Figure  15-2) 

□n  this  vucraph,  by  combining  the  two  eouations  we 
come  up  with  a Nernst  type  equation  for  the  potential  of 
the  cell.  Now  at  this  point  we  make  some  assumptions:  the 

assumptions  being  that  the  solids  at  the  negative — that  is , 
the  cadmium  hydroxide — are  in  fact  sepa.rate  phases , and  we 
can  take  each  of  their  activities  to  be  one,  which  is 
going  to  serve  to  drop  out  this  term  from  the  equation. 


( Indicat ino. ) 

,Gut  there  is  some  evidence  in  the  literature  that 
at  the  positive,  in  fact  if  these  are  the  two  species  we're 
dealing  with,  the  oxyhydroxide  and  the  hydroxide  are  not  two 
separate  phases  with  activity  one,  bi.'t,  rather,  at  least  for 
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most  of  the  cycle,  are  in  e sinoie  phase,  in  other  words,  a 
solid  solution. 

If  this  is  true  the  activities  of  neither  of  these 
ere  truly  one  and  can  be  represented  in  fact  by  their  mole 
fraction  in  this  solid  solution.  If  v.e  make  a further 
simplifyino  assumption  that  these  are  the  only  two 
components  in  this  solid  solution  — which  is  probably  not 
true  — then  of  course  these  mole  frections  must  ado  up  to 
one.  Vilhich  means,  then,  that  if  we  then  rer>resent  — to 
simplify  the  eouations  — the  mole  fraction  of  the  nickel 
hydroxide  by  X — then,  of  course,  the  oxyhydroxide  becomes 
one  minus  X — and  a Nernst  equation  representation  for  the 
cell  becomes  this. 

( Indicatina. ) 

Also,  we  can  represent  the  fraction  of  discharge 
by  this  X since  if  the  cell  was  completely  discharged,  the 
nickel  would  all  be  in  the  hydroxide  form  and  the  mole 
fraction  of  the  nickel  would  be  one.  And  if  it  was 
completely  charged — whatever  that  really  means — then 
this  mole  fraction  would  be  zero  and  this  would  be  one, 
which  fits  into  this  equation. 

( Indicatina. ) 

Actually  those  two  extremes  would  not  fit  into 
this  equation  since  you  can't  haye  either  one  of  the  terms 
in  the  loa  term  be  zero,  do  it  doesn't  really 
mathematically  fit  on  either  end,  at  least, 100  percent  or 
zero  percent  discharge.  i 

I 

Since  there  is  current  flow  conditions  under  most 
of  the  tests,  or  the  tests  that  we  used  --of  course,  in 
actual  operation  the  potential  must  be  corrected  for 
resistence  of  the  cell  and  the  current  flow. 

A'hat  we  did  then  was,  usinc  some|  1 iteratijre  values 
for  formal  potentials,  incorporate  a formal  cell  potential, 
which  then  has  this  form. 

(Figure  15-3) 

CJn  this  vugraph  the  previous  equation  is  repeated. 
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As  you  can  see,  this  is  a rather  poor  fit.  The  solid  curve 
is  a plot  of  the  equation  and  the  broken  curve  is  a plot  of 
an  experimental  discharoe  curve,  and,  as  you  probably 
expected,  doesn^t  fit  very  vrell. 

The  next  approach  was  to  look  at  a modified 
thermodynamic  model.  This  is  also  cased  on  some  literature 
precedent . 

(Hiqure  15-4) 

i^hat-'s  adced  in  this  particular  equation  — this 
one  doesn't  include  the  resistive  term  yet  for  purely 
potent iometr ic  thermodynamics.  This  term  takes  into  account 
either  an  entropy  of  interaction  or  cf  solution  formation  or 
non- ideality  of  soiic  solution  formation.  Introducinq  this 
ter, I.  and  the  value  of  A/r^T,  if  it  is  zero,  then  that  is 
basically  an  ioeai  soiio  solution  enc  it  brings  us  Deck  to 
the  .simolified  thermodynamic  mooel. 

If  this  parameter  nere,  (indicetinn)  this  term,  is 
tither  a positive  or  a negative  one,  that's  positive  or 
negative  Deviation  from  ideality,  II  this  term  is  two, 
that's  a special  cases  basically  it's  the  borderline  between 
a one-phase  end  a two-phase  system.  If  the  value  of  this 
term  goes  beyond  two,  then  there  has  been  a phase  separation 
into  two  phases,  two  solid  solutions. 

To  simplify  the  equation  we  replaced  this  term  by 
i<  (indicating),  and  then  in  fact  fit  this  equation,  which 
now  has  a resistive  term,  to  a set  of  experimental  discharge 
curves  and  got  a least  squares  best  lit  for  the  parameter  K, 
evaluating  the  resistence  --  which  I don't  have 
indicated  here  --  basically  by  fitting  it  at  50  percent 
oischarae. 


So  these  curves  were  made  to  fit.  And  the  fit  is 
much  better.  I'll  comment  a little  further  on  the  fit. 

At  least  from  50  percent  on  tne  fit  is  fairly 
coco.  And  there's  a problem  here  with  the  initial  portion, 
which  I'll  come  back  to  in  a moment. 

(Figure  15-5) 

Another  model,  almost  as  an  afterthought* 
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since  it's  well  known  that  the  oxyhydroxide  and  hydroxide 
have  different  resistivities  we  trieo  one  approach  with  a 
varying  resistance.  And  this  is  without  really  very 
good  reason,  just  trying  an  equation  where  the  resistence 
varies,  and  it  varies  in  an  exponential,  e to  the  minus  one 
minus  X where  X is  again  the  fraction  discharge  or  the 
mole  fraction  of  the  hydroxide,  rte  get  a similar  fit. 

I'll  compare  these  fits  in  just  a moment. 

Then  we  decided  to  try  a tctally  different 

approach. 

(Fia'ure  15-6) 

I'm  not  sure  how  many  of  ycu  are  familiar  with  the 
technique  known  as  chronopotentiometry,  which  basically 
involves  constant  current  electrolysis,  monitoring  the 
potential,  which  is  essentially  the  vay  all  these  tests  were 
run.  And  the  curves  — This  is  a typical  tYPe*  of  a 
chrcnopot ent ioqr am  where  the  potential  is  monitored  as  a 
function  of  time  and  under  diffusion  controlled  conditions. 
When  the  diffusion  layer  is  essentialTy  depleted  there's  a 
rapid  drop  or  change  in  the  potential,  and  the  time  to 
achieve  this  is  called  the  transition  time.  And  the 
potential  corresponding  to  one-quarter  of  the  transition 
time  is  in  fact  comparable  to  related  to'  the  formal 
potential  for  the  system. 

Ihe  standard  equation  for  this  type  of  curve 
involves  (indicating)  — Here's  the  transition  time  and  this 
is  the  time  at  any  point  along  the  curve. 

Now  if  we  rearrange  it  slightly,  the  term  within 
the  log  term,  we  can  get  an  equation  in  this  form. 

(Indicating.) 

Now  at  constant  current  the  charge  at  any  instant 
is  equal  to  the  constant  current  times  the|  time  at  that 
instant.  And  the  total  capacity  for  this  particular  cell 
represents  the  transition  time  multiplied  by  the  current. 

(Figure  15-7) 

This  tyoe  of  an  equation  new  where  X again  is  the 
Traction-  of  discharge,  which  is  simply  the'  time  divided  by 
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the  transition  time  since  the  two  respective  charges  are 
those  times  multiplied  by  the  same  current,  we  can  get  an 
eauetion  like  this  (indicating). 

From  this  diagram  it  doesn^t  seem  — and  in  fact 
it"'s  true  it  — doesn't  fit  quite  as  well  as  some  of  the 
others,  but  basically  it  has  the  same  form. 

Let  me  very  quickly  move  on  to  another  model. 

There  really  isn't  time  to  go  through  ail  the  details. 

(Figure  15-8) 

This  assumes  there^^s  a double  layer  charging 
contribution  which  tends  to  distort  the  current  — or, 
rather,  the  potential  time  curve.  And  the  net  effect  there, 
in  the  literature  there  are  some  stucies  done  evaluating 
that  problem.  And  it  turns  out  there's  an  adjustable 
parameter  that  has  been  introduced,  end  this  term  here 
(indicating)  enters  into  it  modifying  the  equation.  The 
value  of  this  K was  fit  by  the  least  squares  method  using 
tne  test  data.  And  this"  was  the  number  we  ended  up  with. 

( Indicating. ) 

Which  is  this  particular  curve.  And,  again,  the 
broken  one,  which  is  hard  to  see  on  here,  is  the 
experimental  data. 

Let  me  compare  the  different  mooeis  on  the  next 

vugraph. 


(Fioure  15-9) 

basically  for  the  different  mooeis  tnis  is  the 
error  curve.  Now  each  of  these  is  ccne  by  comparing  the 
calculatec  or  the  eouation  with  the  same  test  curve. 

As  you  can  see,  this  is  the  simple-minded  thermodynamic  one. 
It  only  agrees  on  the  one  point  anc  a few  other  points  that 
we  made  fit.  The  others  acree  from  about  50  percent  on, 
more  or  less. 

This  is  the  chronopotentiometric  model,  and  this 
is  the  modified  one. 

(Fioure  15-10) 


181 


On  this  vugraph  there  is  a better  comparison. 

These  are  equations  for  the  five  different  models  that  we 
considered.  Obviously  this  one  was  'Just  put  in  there, 
knowing  beforehand  it  wouldn-'t  reallv  fit.  But  basically  by 
now  doing  a data  analysis,  the  standard  deviation  for  all  of 
the  curves  with  each  of  these  equations,  these  are  the 
standard  deviations  in  millivolts  for  the  whole  curve. 

I broke  it  up  into  three  different  sets,  the  fuJl 
curve,  which  is  this  column  here  (indicatina)  of  the 
different  standard  deviations,  the  first  half,  zero  to  50 
percent,  and  then  the  last  half  over  here.  And  so  far  it 
seems  the  best  fit  in  all  regions  is  with  the  modified 
thermodynamic  approach.  The  changinc  resistance  one  is  not 
far  behind  it.  The  chronopotentiometric  one  actually  is 
fairly  off.  And  this  one,  of  course,  we  expected  to  be  off, 
.although  on  the  whole  it-^s  really  not  bad,  less  than  15 
millivolts  standard  deviation  for  the  entire  curve. 

Now  why  the  initial  portion  does  not  agree  is 
something  that  we  have  to  work  on.  Hither  it's  an  artifact 
of  the  way  the  tests  were  carried  out  or  there  is  actually  a 
change  in  mechanism  or  some  phenomenclogicaL  problem  in  that 
region  of  the  discharge  characteristic  curve  that  we're  not 
introducing  into  the  model.  Hopefully,  further  work  will 
try  to  pinpoint  down  what  other  parameters  have  to  be  fit 
into  here  in  order  to  get  this  to  better  fit  the  region 
which  in  fact  turns  out  to  be  the  most  important  region,  the 
first  50  percent  of  discharge  rather  than  the  last  50 
percent  of  discharge. 

Thank  you. 


DISCUSSION 

SCKULMAN*  Are  there  any  questions  for  Dr. 

Spritzer? 

SPERBHR  (GTE)s  Irtihat  does  the  five  percent  cobalt 
that  people  typically  mix  in  with  the  metal  do  to  vour 
equations?  T'fn  talking  of  the  nickel  here. 

SPRITZERS  Yes. 

At  this  point  I'm  not  really  sure,  but  if  — in  a 
very  simple  minded  approach  if  you  simply  take  the  five 
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percent  and  adjust  the  mole  fractions,  for  instance,  they  no 
longer  add  up  to  one.  but  that's  a relatively  minor 
adjustment  to  the  equation. 

What  it  does  mechanistically  1 can't  really  say. 

In  terms  of  how  it  could  fit  in  this  model  with  five  percent 
cobalt,  for  instance,  if  you  assume  that's  in  the  solid 
solution  that  would  decrease  the  mole  fraction  of  both  forms 
of  the  nickel.  They  simply  don't  add  up  to  one  then.  They 
add  up  to  .95,  if  you  take  five  mole  percent;  the  figure 
would  be  different  if  you  actually  go  in  at  five  weight 
percent . 

RITTERMAN  (TRW)*  All  your  mechanisms  assume  that 
you  have  a solid  solution  of  nickel  hydroxide  and 
beta-nickel  hydroxide.  1 was  wondering  if  you  checked 
various  percentages  of  this  solution  on  open  circuit.  That 
is  to  say,  when  you  have  ten  percent  you  should  have  a 59 
millivolt  drop  or  rise,  what  have  you.  And  that  would 
probably  be  an  easy  way  to  determine  whether  you  do  indeed 
have  a solid  solution  or  not. 

SPRITZER*  The  data  we  were  using  was  data  that 
was  determined  a number  of  years  ago,  and  so  it  wasn't 
really  possible  to  go  back  experimentally.  That's  another 
thing. 


RITTERMAN*  Weil,  yes,  it  is.  You  simply  take  a 
positive  electrode  and  you  have  it  100  percent  charged  and 
put  an  open  circuit  and  then  discharge  it  and  leave  ten 
percent  or  any  value  in  between  and  see  how  that  affects  the 
open  circuit  voltage. 

SPRITZER*  Yes,  I understand  that.  Unfortunately 
1 wasn't  in  the  laboratory  for  this  particular  project,  so  I 
couldn't  really  do  that. 

MARGERUM  (HUGHES  RESEARCH  LABS)*  Apparently  there 
are  some  recent  studies  where  people  were  not  able  to  find 
nickel  oxyhydroxide  in  the  nickel  electrode.  How  would  you 
modify  your  model  if  that  happens  to  be  the  case? 

SPRITZER*  The  same  thing  would  basically  apply, 
for  example,  to  the  nickel  two  and  four  hydroxides.  You 
could  use  a similar  model.  Obviously  the  exact  model  is 
aifferent.  There  has  been  other  evidence  that  the 
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oxyhydroxide  has  been  indicated. 

There  is  a paper,  I guess  around  February  of  this 
year,  v/here  they^re  proposing  essentially  solid  solution 
with  proton  and  electron  separated,  and  essentially  it  is  a 
proton  on  oxyhydroxide  or  on  the  hydroxide  that  is  free  to 
migrate. 


Thermodynamically  it  could  fit  any  model  that  you 
pick.  Whether  it  will  fit  as  well,  1 don^t  know. 

STQCiKEL  (COMSAT)  s You  fixed  a temperature  here, 
is  that  correct? 

SPHITZEil*  There  were  several  different 
temperatures  that  the  data  was  taken  at. 

STOCKEL*  But  did  you  consider  that  the 
temperature  can  change  during  the  discharge? 

SPRITZER*  No,  this  didn^t  take  that  into  account. 

STOCKEL*  \ou  don't  f.eel  that  that  would  affect 
your  model? 

SPRIIZER*  In  terms  of  the  test  data  the 
temperature  was  maintained  constant. 

Now  since  there's  a temperature  term  in  fact 
varying  the  temperature  could  be  plugged  into  this. 

DYEI^  (bell  Labs)*  A question, of  clarification* 

Uo  I understand  that  these  curves,  voltage  as  a 
percent  of  discharge,  were  on  during  discharge  or  were  they 
open  circuit  measurements?  : 

SPRITZER*  During  discharge. 

DYER*  Okay. 

Are  you  aware  of  the  work  of  Bernard?  I.  think  he 
did  some  open  circuit  measurements  and  he  seems  to  have  some 
very  similar  ideas  to  yours  of  mixed  oxides,  non-ideality, 
and  he  got  a very  good  fit,  I think,  with  open  circuit 
measurements  using  the  thermodynamics  modified  models. 
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SPRITZER*  Yes,  I'^m  aware  of  that. 

REICHMAN  (ECD)»  >^hat's  your  conclusion  from  such 
a model?  rthat  would  you  prefer*  INould  you  prefer  it  to  be 
two  separate  phases  or  to  be  a solia  solution  from  a 
practical  point  of  view? 

SPRITZER*  What  I would  .prefer  or  what  I have  to 
conclude  from  the  data? 


It  would  be  much  simpler  if  it  was  two  separate 

phas  es . 

REICHMAN*  Simpler  to  make  the  model. 

SPRITZER*  Yes. 


REICHMAN*  But  from  a practical  point  of  view? 

SPRITZER*  I like  the  single  phase  model. 

Now  the  Bernard  croup  has  proposed  a phase 
separation  into  two  phases  with  complementary  compositions 
so  that  they  remain  essentially  constant  for  a good  portion 
of  the  cycle. 
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Figure  15-1 


Plum  I . CMcuhled  dlich^  ram  binl  oa  lha  Mmpla  tl»rm«lriiuiito  model,  eoiiitloa  m. 
The  bioken  euive  ia  experimental  data. 
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Figure  15-2 

MODEL  II.  MODIFIED  THERMODYNAMIC  MODEL 
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Figure  2.  Calculated  discharge  curve  based  on  the  modincd  thormedynamie  model,  equation  (9). 
The  broken  curve  ii  experimental  data. 


Figure  15-4 
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CELL  VOLTAGE 


MODEL  III.  MODIFIED  THERMODYNAMIC  MODEL  WITH  VARYING  RESISTANCE 


MODEL  IV.  CHRONOPOTENTIOMETRICMODEI, 


Figure  15-5 


Figure  15-6 


MODELIV.  CHRONOPOTCNnOMETRlC MODEL 


MODEL  V.  MODIFIED  CHRONO?OTENT10METWC  X10DEL 


<i:) 


Fitiire  6.  Calculated  dlKliarge  curve  based  on  Model  |V,  (12). 

TI>o  broken  curve  to  esj*erimcnlal  data. 


Figure  15-7 
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, Fi|ure  7.  Calculated  dtocltarge  curve  board  on  Model  V,  equation  (17) 
The  broken  curve  to  experlmentj]  data. 

Figure  15-8 
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comparison  OF  THE  MODELS 


FituN  8.  Typica}  error  euivet  for  tlie  Ttve  models. 

' iTlie  curves  shown  sre  «H  with  resrect  to  the  Mine  eKperlinenlyl  disvliaruc. 

Figure  15-9 
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Figure  15-10 
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NiCd  BAITERY  FAILURE  ANALYSIS 
K.  Sense 
Rockwe  J 1 

We-'re  dealing  with  the  nickel-cadmium  battery 
failure  analysis. 

(Figure  16-1) 

The  test  plan  in  this  figure  is  as  follows* 

/(e  had  a 22  ceil  nickel-cacmium  battery  that  had 
successfuJly  passed  functional  and  random  vibration  tests 
and  was  being  readied  for  qualification  level  thermal-vacuum 
tests  in  a vacuum  chamber,  according  to  the  test  plan  as 
shown  in  Figure  1 . 

The  intent  was  to  trickle  charge  the  already  fully 
charged  battery  SNOO),  charged  -at  29.742  volts  or  1.352 
volts  per  cell,  at  a .5  amp  rate,  hold  the  battery  mounting 
surface  at  22  degrees  C ano  maintain  a chamber  pressure  of 
less  than  1 times  10  to  the  minus  5 torr  over  the  weekend  of 
January  16  through  19  of  this  year.  Since  this  was 
considered  a benign  environment  complete  functional 
monitoring  was  not  activated. 

Thermal  vacuum  testing  was  to  begin  Monday, 

January  19  — that  is  over  the  weekend,  of  course. 

(Figure  16-2) 

This  slide  shows  the  test  configuration. 

As  shown  in  Figure  2 , the  battery  was  fastened  by 
means  of  a thin  layer  of  thermally-conductive  adhesive  to  a 
copper  cold  plate,  wrapped  in  MLI  thermal  insulation,  and 
mounted  on  a micarta  shelf  in  the  vacuum  chamber.  A Haake 
temperature  bath  with  an  N2  controller  pumped  coolant  fluid 
through  tubing  soldered  to  the  copper  cold  plate.  Strip 
heaters  on  the  cold  plate  were  not  energized.  A Perkin 
Electronics  power  supply  provided  the  trickle  charge  via  an 
inoperative  battery  test  console  and  vacuum  penetration 
cabling. 


189 


(Figure  16-3) 

This  gives  the  condition  of  the  battery  test  on 

I/I9/-&1. 

At  about  SslO  a.m.  on  January  19  the  conditions 
described  in  Figure  3 were  observeo.  The  battery  was 
completely  destroyed.  Some  cells  were  blown  apart.  The 
rest  were  bulged  so  that  all  were  unsealed.  Parts  were 
scattered  throughout  the  vacuum  chamber.  Debris  fouled  the 
vacuum  system.  "The  vacuum  chamber  was  subsequently 
backfilled  with  nitrogen,  opened,  anc  the  contents  carefully 
removed.  Representative  photos  of  specimens  are  shown  in 
Figures  4 through  6. 

(Figure  16-4) 

We  weren't  very  hilarious  et  the  time  we  saw  this, 
as  you  can  imagine,  because  we  had  a 22-cell  battery  which 
was  fairly  expensive  and  it  had  gone  through  all  of  the  test 
procedures  and  passed  them. 

This  is  one  of  the  constraininc  olates  that  holds 
the  battery  together,  in  other  worcs  the  22  cells. 

(Figure  16-5) 

This  shows  a layout  of  the  way  the  individual 
cells  were  arranged.  You  can  see  thet  some  of  them  were 
completely  exploded?  all  of  them  v;ere  opened.  But  this  is 
the  order  in  which  they  were  arranged  in  the  battery. 

(Figure  16-6) 

The  next  slice  shows  the  seme  thine,  except  from 
the  other  end. 

The  cause  of  the  disaster,  human  error,  caused  both 
the  heater  and  the  circulating  pump  for  the  coolant  to  shut 
down  when  the  battery  was  warmed  to  ten  degrees  Celsius.  It 
had  been  at  one  degree  Celsius.  Hence  the 'battery  and  the 
coolant  were  effectively  isolated  from  each  other,  the 
battery  being  heated  continously  by  the  tirickle-charge  input 
while  the  coolant  attained  very  low  temperatures , 

(Figure  16-7) 
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The  specimen  analysis  conclusions.  The  final  cell 
temperatures  were  bracketed  by  the  fact  that  the  nylon 
separators  melted  at  216  degrees  Celsius  and  the  nickel 
hydroxide  decomposes  at  230  degrees  Celsius,  The  nylon 
separators  melted  and  the  nickel  hydroxide  did  not 
decompos  e. 


Potassium  carbonate  is  an  end  product  when  nylon 
is  degraded  chemically  in  a nickel-cadmium  cell.  Hence  the 
presence  of  potassium  carbonate  indicates  chemical  attack  on 
nylon. 


The  cell  liner,  Kynar,  was  not  chemically  attacked 
but  was  found  to  have  been  melted.  Ihe  melting  point  of 
Kynar  is  162  to  164  degrees  Celsitjs. 

The  complete  and  partial  discharge  of  the 
electrolytic  plates  indicates  that  large  amounts  of  energy 
were  discharged  into  the  cells. 

(Figure  16-8) 

Our  first  course  of  action  after  the  explosion  was 
to  see  whether  trickle  charging'  the  battery  by  itself  was 
sufficient  to  have  caused  the  high  bettery  temperatures 
called  for  by  the  analysis  of  the  specimens.  A thermal 
response  test,  SN002,  was  undertaken  to  determine  the  rote  at 
which  the  temperature  of  the  battery  rises. 

Use  of  this  informcotion  enablea  determination  of 
the  heat  capacity  of  a cell,  and  that  was  determined  to  be 
255.6  calories  per  degree  Celsius, 

(Fioure  16-9) 

He-'ll  go  through  this  elementary  analysis  here  for 
purposes  of  seeing  that  we  would  not  get  up  to  the  high 
temperatures  called  for  by  analysis  if  we  considered  only  the 
energy  input  resulting  from  trickle  charging  the  battery. 

The  time  from  the  start  of  trickle  charge  to 
discovery  of  the  accident  was  64.7  hours.  The  initial 
battery  temperature  was  one  degree  Celsius.  Therefore  the 
maximum  possible  battery  temperature  due  to  trickle  charge 
alone  is  152  degrees  Celsius.  However  the  attained  battery 
temperature,  as  determined  from  analysis,  was  216  to  229 
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degrees  Celsius. 

Obviously,  then,  an  additional  mechanism  is 
responsible  for  the  battery  temperature  attained. 

(Figure  16-10) 

We  have  here  a figure  on  the  discharge  capacity  of 
a cell,  and  the  figure  shows  that  there  is  a dramatic 
decrease  in  cell  capacity  v/lth  increese  in  temperature. 

(Figure  16-11) 

This  is  from  the  GE  manual,  a figure  on  the 
self-discharge  characteristics  of  th.e  nickel-cadmium  cell. 
The  figure  shows  how  rapidly  a cell  discharges  as  a function 
of  temperature.  It  is  evident  that  an  increase  in 
temperature  from  20  decrees  to  40  decrees  Celsius  shows  a 
much  greater  discharge  rate  than  when  the  temperature  is 
increased  from  zero  degrees  to  20  decrees  Celsius. 

(Figure  16-12) 

The  scenario  for  the  battery  temperature  risinc  to 
?A6  to  229  degrees  Celsius  is  as  follows* 

Since  the  cells  were  fully  charged  to  start  with, 
any  trickle-charge  input  turned  to  heat.  Since  the  battery 
was  in  a nearly  adiabatic  state,  the  battery  temperature 
kept  rising  steadily.  The  capacity  of  a nickel -cadmium  cell 
decreases  with  temperature.  As  the  temoernture  is  increased 
the  excess  capacity  must  be  dumped  into  tlie  cell  itself, 
further  increasing  its  temperature,  causing  further  dumping 
of  energy  into  the  cell,  thus  establishing  a thermal  runaway 
conoition. 


As  the  temperature  rises  these  processes  take 
place  at  an  increasingly  faster  rate. 

(Figure  16-13)  i 

The  suggested  mechanism  responsible  for 
self-discharge  of  nickel-cadmium  cells  is  as  shown.  The 
charged  nickel  electrode  is  not  thermodynamically  stable, 
but  decomposes  with  the  evolution  of  oxygen.  This  implies  a 
decrease  in  the  state  of  oxidation  and,  hence,  a lowered 
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energy  state.  Though  slow  at  room  temperature,  this  process 
is  accelerated  at  elevated  temperatures. 

This  increased  amount  of  oxygen  may  also  lead  to  a 
lowered  energy  state  for  the  cadmium  electrode  because  of 
the  reaction  of  oxygen  with  cadmium  and  water  to  form 
cadmium-hydroxide.  Both  processes  release  energy  into  the 
cell . 


Secondly,  processes  involved  in  forming  the 
electrodes  usually  use  nitrates  of  cadmium  and  nickel  as 
source  materials.  Though  efforts  ere  generally  made  to 
reduce  the  nitrate  content  of  the  electrodes  as. much  as 
possible,  even  a very  small  amount  of  nitrate  will  generate 
a so-called  nitrogen  shuttle  cycle  of  self-discharge . The 
cycle  will  continue  until  the  cell  is  totally  discharged 
with  the  probable  reaction  of  ammonia  with  NIQGH  to  form 
nitrogen  and  nickel  hydroxide. 

(Figure  16-14) 

There  are  other  temperature  increasing  factors. 
Separator  puncture  results  from  several  causes.  For  one, 
degradation  of  nylon  occurs.  When  the  cell  temperature 
reaches  the  melting-point  region  of  the  separator,  which  is 
about  degrees  Celsius,  the  combination  of  nylon 
Degradation,  nylon  melting,  and  buckling  of  plates  is  likely 
to  "lower  the  impedance  between  the  plates. 

In  some  areas  all  the  nylon  may  be  squeezed  out 
between  the  plates,  causing  short-circuiting  and  high  local 
temperatures . 

The  interaction  of  nylon  separators  with  KOH 
solution  has  been  extensively  investigated  by  Lim  of 
Hughes.  He  has  shown  that  nyion-6  is  degraded  in  two  steps, 
hydrolysis,  the  slow  step,  followed  by  oxidation,  which  is 
the  fast  step. 

We  note  from  the  equation  that  besides  nitrogen, 
potassium  carbonate  and  large  amounts  of  water  are  formed. 
The  liberation  of  nitrogen  will  increase  pressure  within  the 
ceil.  Furthermore,  the  overcharge  protection  at  the  cadmium 
electrode  is  lost  when  the  reaction  goes  to  completion. 

When  this  occurs  hydrogen  is  produced  under  overcharoe 
conoitions,  resulting  in  a potentially  explosive  situation. 
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Ihis  will  occur  when  ten  percent  of  the  nylon  is  completely 
oxidized  according  to  the  equation  shown,  ana  wi]l 
completely  ruin  the  cell. 

An  Arrhenius-type  equation,  shown  at  2b,  was  used 
to  determine  length  of  time  required  for  ten  percent 
degradation  of  nylon-6  in  KQH  as  a function  of  temperature. 
Ihe  constant.  A,  was  determined  from  Lirn^s  work.  The 
equation  is  plotted  in  the  next  figure. 

(Figure  16-15) 

This  figure  is  a plot  of  the  time  it  takes  for  the 
cell  to  be  ruined  as  a function  of  temperature  under 
overcharge  conditions.  I'ie  note  that  at  the  cell  temperature 
attained,  accordino  to  the  specimens  anc^lysis,  namely  216  to 
229  decrees  Celsius,  the  cells  are  completely  ruined' in 
about  five  to  six  minutes. 

You  see,  this  scale  here  is  in  minutes.  And,  for 
convenience,  I have  put  down  the  hours,  days,  months  and 
years.  But  the  thing  that  we're  intcrestea  in  is  tnat  we 
have  attained  temperatures  in  this  region  that  cause 
the  cell  to  be  ruined  in  a very,  very  short  time.  It's  a 
matter  of  minutes. 


This,  then,  explains  that  v/?  wculo  have  the 
condition  that  did  exist. 

I was  going  to  show  a couple  of  more  slides,  but 
I'm 'not  going  to  because  it's  a kind  of  exercise  in 
futility.  What  I was  going  to  do  is  give  a lower  bound  at 
which  the  temperature  rises  over  the  time  interval  in  which 
we're  interested.  ' 


I think  it's  quite  obvious  from  the  talk  that  I've 
given  so  far  that  the  kinetics  of  the  situation  increase 
very,  very  rapidly.  As  you  well  know,  the  rate  of  the 
reaction  is  increased  by  one  and  a half  to  three  times  for 
every  ten  degrees  Celsius's  rise.  And  so  it  doesn't  reallv 
take  much  imagination  to  realize  that  once  Ithe 
seif-discharge  gets  started  it  increases  at  a rapidlv 
increasing  rate  and  gets  to  the  temperature  that  we've 
indicated. 


Now  the  other  thing  that  I ought 


to  mention  is 
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that  as  the  ceJl  discharqes  itself,  enough  heat  is  liberated 
within  the  cell  to  take  it  to  a little  over  200  decrees 
Celsius.  Now  this,  added  to  the  trickle  charge  input,  which 
takes  it  to  a little  over  150  degrees  Celsius,  would  take 
the  temperature  to  over  350  degrees  Celsius.  So  there  is 
no  problem  as  far  as  the  attainment  of  temperatures  in  the 
range  of  220  degrees  Celsius  is  concerned. 


This  concludes  my  talk. 

DISCUSSION 

CONSTANTINEAU  (Pellon  Corp.)s  What  type  of 
separator  was  used  in  this  batteryV 

SENSE*  Nylon. 

CONSTANTINEAU*  'Ahat  manuf e cturer V Do  you  know 

offhand? 

SENSE*  Whatever  General  Electric  uses.  These 
were  General  Electric  ceils. 

CONSTANTINEAU*  Ukay. 

In  our  separators,  nylon  separators,  we  do  contain 
quite  a bit  of  heterofili  fibers  or  nyloh-66,  which  have  a 
much  lower  melting  temperature.  Could  this  affect  your 
results? 


SENSE*  I'm  sorry,  could  you  repeat  the  nuestion? 

CONSTANTINEAU*  Okav. 

In  our  materials  we  do  put  in  more  than  ten 
percent  of  heterofill  fiber,  avion  fiber,  namely  nylon-66, 
ana  it  has  a much  lower  meltlnc  temperature.  Would  this 
have  any  effects  on  your  test  results? 

SENSE*  Well,  the  main  thirn  is  that  there's 
enough  nylon-6.  Whatever  else  mav  b(  added  I don't  realiv- 
think  would  really  have  that  much  of  an  impact  on  the 
overall  situation. 

CONSTANTINEAU*  Okav.  Thank  you. 
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MARGEHUM  (Hughes  Research  Labs)*i  Mvlon-66 
hydrolyzes  sooner  than  nylon-6;  not  ouite  as  fast,  but  you'd 
have  the  same  sort  of  effect  as  you  observed  if  you  had  both 
present. 


FORD  (NASA  Goddard)*  I'm  looking  at  your  picture 
of  that  explosion.  It  looked  like  it  was  quite  an  avalanche 
or  catastrophic.  i 

Die  you  take  into  consideretion  the  possibility  of 
6 mixture  of  gas  in  the  cell  with  an  arch  that  could  cause 
the  initial  explosion  and  the  penetration  of  the  impact  to 
other  cells,  you  know,  as  an  avalanche  type  of  effect? 

You  know,  there  are  recoros  where  cells  have 
exploded  spontaneously  on  cyclino;  very  few,  fortunately  for 
the  NiCd  business,  but  that  has  happened  before.  So  there's 
no  reason  to  believe  that,  you  know,  this  could  not  happen 
again  one  day. 

SENSE*  Well,  I'm  not  saying  that  it  couldn't 
happen.  I don't  think  it  happeneo  in  this i particular 
instance  because  we  had  the  exploded  cells  in  more  or  less 
isolated  areas.  In  other  words,  the  exploded  cells  weren't 
all  adjacent  to  each  other.  We  had  non-exploded  cells 
edjecent  to  exploded  cells. 

So  in  answer  to  your  comment,  I'd  say  it  minht 
happen,  but  it  certainly  did  not  happen  ini  this  case. 
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LIFE  PRHDICIION  MODEL  COMPARISONS 


I . Schulman 
JPL 

It  looks  to  me  like  nickel -cadmium  just  ooesn't 
want  to  be  outdone  by  lithium. 

The  work  I-'m  going  to  describe  has  been  sponsoreo 
by  the  OAST  office  of  NASA  under  a general  effort  describeo 
by  Dr.  Ambrus,  your  first  speaker  yesterday  in  the  morning. 

During  the  past  few  years  there  have  been 
published  a number  of  predictive  failure  mooels  from 
nickel-cadmium  aerospace  ceils.  In  fact,  some  of  these  have 
had  their  first  disclosure  at  this  workshop.  This  report  is 
a discussion  and  comparison  of  three  such  models,  and  they 
are  best  entitled  the  McDermott  model,  the  Lander  model  and 
the  JPL  Failure  Model. 

(Figure  17-1) 

The  McDermott  model,  of  course,  as  you  know,  has 
been  derived  by  Dr.  Patrick  McDermott,  who  is  on  the 
teaching  staff  of  Coppin  State,  and  who  is  a consultant  here 
at  Goddard. 

Dr.  John  Lander,  who  is  very  well  known  in  the 
battery  community  and  who  is  a member  of  the  technical  staff 
of  the  aerospace  oower  division  ano  lf\rioht-Pat , of  course, 
authored  the  Lander  Model?  and  the  JPL  Failure  Model  is 
principally  authored  by  Dr.  Bob  Fadis,  who  is  a memoer  of 
the  technical  staff  at  JPL  in  Pasadena. 

Ihe  purpose  of  this  report  is  really  to  discuss 
and  compare  these  various  models,  enc  in  no  way  is  intended 
as  a criticism  of  any  of  them. 

Now  each  of  these  predicti\e  models  is  based  on 
data  obtained  from  the  NASA  accelerated  test  program,  and 
so,  of  course,  a few  comments  should  be  made  about  that 
program. 

This  test  program  was  an  extremely  aoventurous 
endeavor  and  it  made  attempts  to  solve  meny,  many 
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uncertainties.  The  overall  program  was  well  planned  and 
considering  its  size  was  also  extremely  weJl  conducted. 

As  most  of  you  know,  the  simplest  cycling  program 
often  has  many  difficulties,  mostly  cssociated  with  power 
outages,  failures  of  equipment,  etc.  Therefore  a cycling 
program  as  large  as  the  NASA  accelerated  test  program  — 
and,  by  the  way,  there  were  approximately  545-odd  cells  in 
that  program  in  b7-cell  packs  — such  a program  must  be 
considered  a unique  undertaking,  and  the  Weapons  Support 
Center  should  be  commended  for  their  effort. 

In  addition,  their  interim  report  is  an  excellent 
report  and  contains  information  which  may  stand  for  a 
considerable  time  as  probabiv'the  most  complete  data  package 
concerning  nickel-cadmium  aerospace  cells. 

The  first  slide  merely  shows  the  various  models 
and  the  constants  associated  with  them.  Both  the  McDermott 
end  Lander  models  use  the  more  classical  regression 
techniques  to  achieve  their  predictive  models.  There  are 
certainly  implied  boundary  conditions  in  each  of  these  two 
models.  If  not,  using  the  McDermott  mooel,  you  could 
discharge  to  150  percent  and  get  about  250  cycles.  Of 
course,  this  is  an  impossibility.  Sc  there  must  be  an 
implied  boundary  condition  on  the  mocel  itself. 

It's  also  interesting  to  note  that  he  has  an  upper 
temperature  limit  of  70  degrees,  which  is  a'  reasonable  limit 
for  cycling  programs. 

In  the  Lander  model  there  is  obviously  1 00  percent 
DOD  boundary  conditions.  It's  right  there.  You  can't  go 
beyond  that.  However  as  far  as  temperature  is  concerned,  he 
also  has  not  described  a temperature  boundary  condition,  and 
it  would  oe  possible.  Just  utilizing  the  methemetics  of  this 
model,  to  cycle  at  100  degrees  Centicrade  and  obtain 
something  like  6400  cycles  at  a 20  percent  DOD.  And  there 
again,  this  is  an  impossibility.  So  again  'there  must  be  an 
implied  boundary  condition  as  far  as  temperature  is 
concerned. 


The  JPL  failure  model  differs  from  both  the  Lander 
and  the  McDermott  models  in  two  important  areas* 
the  JPL  model  has  not  been  developed  using  the  regression 
techniques  used  on  the  aforementioned  models.  It  was 
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oeveloped  from  intuitive  arguments  applied  to  floor  theory. 
However  it  was  applied  to  the  same  e>act  data  package  used 
for  the  other  two  models. 

The  predicted  cycle  life  in  the  JPL  model  can  only 
be  determined  in  the  context  of  the  probability'  of  success 
or  reliability  of  that  numoer  of  cycles  being  obtained. 

(Figure  17-2) 

I apologize  for  what  I might  call  the  dizziness  of 
this  particular  table,  but  this  table  does  list  the  number 
of  cycles  as  predicted  by  both  McDermott  and  F_anoer  models 
for  temperatures  ranging  from  zero  to  40  degrees  and  at 
aepths  of  discharge  from  10  to  40  percent. 

The  seme  predictions  are  made  by  the  JPL  failure 
model.  However  in  that  case  we  must  choose  a reliability'. 

The  arbitrary  reliability  of  0*9  has  been  chosen,  and  you 
can  see  tlie  predictions  made  for  the  similar  conoitions  to 
the  other  two  models. 

both  the  similarities  and  differences  between  the 
McDermott  and  Lander  models  are  quite  oovious.  The  laroest 
differences  occur  in  regions  where  extrapolation  is  used. 
These  regions  are  noth  in  the  zero  degree  Centiejrade  and  tan 
degrees  Centigrade  temperatures,  and  also  at  all  temperatures 
at  ten  percent  DOD. 

»"(hen  you  attempt  to  compere  either  the  McDermott 
or  Lander  models  with  the  JPL  model,  we  are  immediately 
faced  with  two  dif f icult iesJ  first  end  foremost,  the  JPL 
model  preoicts  cycle  life  as  a function  of  reliability,  and 
the  other  models  don't  do  this. 

Secondly,  on  examination  of  both  the  f'cDermott  and 
Lander  models  we  find  that  the  meaning  of  the  term  “cycles 
to  failure"  Is  not  entirely  clear*  For  example,  does  this 
expression  denote  the  number  of  cycles  until  the  first 
failure  occurs  or  is  it  associated  with  some  average  number 
of  cycles  before  failure  occurs,  or  vhat  have  you. 

(Figure  17-3) 

Now  in  order  to  circumvent  these  problems  I've 
made  certain  assumptions.  The  first  assumption  is  that 


203 


nickel-cadmium  cells  wear  out  at  a constant  rate  and 
therefore  the  exponential  oistributicn  which  describes 
constant  failure  rate  can  be  used  to  obtain  reliabilities. 
Ihe  eouation  (1)  shown  is  the  reliability  in  terms  of  the 
exponential  distribution. 

Lambda  is  the  failure  rate  and  T is  the  operating 
time,  and  they're  both,  of  course,  in  the  same  units  of 
time.  Now  if  we  take  the  mean  time  between  failures  as 
being  one  over  lambda  we  obtain  equation  (2).  Again  it's 
most  important  that  the  units  of  time  always  be  in  the  same 
units.  Otherwise  nothing  works. 

Now  1 being  the  operatino  time,  if  we  express  this 
as  a mission  requirement  in  terms  of  low  earth  orbit  cycles 
end  mean  time  between  failure,  also  in  terms  of  LFiCj  cycles, 
it  can  be  assumed  that  the  predictions  made  by  both  the 
McDermott  and  Lander  models  can  be  thought  of  being  rnecjn 
time  between  failures  for  particular  conaitions.  And  it  is 
then  possible  to  compare  both  the  McDermott  end  Lancier 
models  with  the  JPL  mooel  in  the  following  way: 

(Figure  17-4) 

For  any  spe’cific  operating  condition  a depth  of 
Discharge  and  time  — in  this  case  we've  taken  2U  deorees 
and  30  percent  DOD  --  we  take  the  JPL  prediction  for  a 
particular  reliability  number  as  the  mission  requirement. 

For  the  same  specific  conditions  we  take  the  mooel 
which  we  wish  to  compare  to  — for  instance  the  Lander  model 
— we  take  their  prediction  as  the  mean  time  between 
failures . 


Here  we  have  the  case  of,  therefore,  taking  s case 
where  statino  4000  cycles  as  the  mission  requirement  and 
?2600  cycles  as  predicted  by  the  Lancer  model  as  the  mean 
time  between  failure,  and  for  this  situation  we  have  a 
reliability  for  this  mission  requirement  of  0.34. 

But,  as  you  remember,  the  JPL  prediction  for  4000 
cycles  was  0.9,  end  now  we  find  ourselves  at  least  comparing 
reliability  against  reliability. 

(Figure  17-5) 


i 
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The  second  table  describes  the  reliability  factors 
obtained  from  these  types  of  calculations. 

Using  the  reliability  predictions  of  the  JPL  model 
and  a 0.9  factor  as  a mission  requirement,  we  have  plunged 
these  numbers  in  again  using  an  exponential  distribution, 
and  we  come  up  with  these  reliability  factors  for  both  the 
McDermott  and  the  Lander  models.  All  of  these  have  to  oe 
compered  with  0.9  on  the  JPL  predictions. 

Now  this  type  of  calculation  is  not  being  advanced 
as  a rigorous  statistical  argument  by  any  means,  taut, 
rather,  as  a reasonable  attempt  to  compare  models  in 
equivalent  terms. 

This  type  of  analysis  emphasizes  at  least  two 
important  considerations*  the  first,  that  it  is  extremely 
oifficult  to  compare  different  models,  even  though  they  are 
based  on  the  same  data,  especially  il  they  use  extremely 
cifferent  techniques  to  deouce  their  final  formulation.  Ano 
if  models  assume  different  types  of  Irequency  distributions 
the  comparisons  become  more  difficult. 

This  technique  that  I've  just  described  suffers 
greatly  from  the  fact  that  the  JPL  model  which  is  based  on 
8 Weibel  distribution  attempts  to  compare  itself  to,  sav, 
the  Lander  model  which  we  base  on  an  exponential 
distribution. 

If  in  turn  the  data  were  assumed  to  reflect 
failures  due  to  true  wear-out  conditions,  and  further,  that 
the  frequency  of  failure  could  be  represented  by  a normal 
Gaussian  distribution  with  a standarc  deviation  — and  this 
is  arbitrary  — of  20  percent  of  the  mean  value,  then  much 
higher  comparative  values  of  reliability  could  be  determined 
for  both  the  Lender  and  the  McDermott  models  than  shown  in 
that  paper. 


If  we  use  the  Lander  and  the  McDermott  predictions 
as  mean  values  — and  aqain,  the  JPL  prediction  at  a 
reliability  of  0.9  as  the  mission  goal  • — then  both  the 
Lander  and  the  McDermott  predictions  give  comparative 
reliabilities  of  0.999  for  all  the  test  conditions. 

Thus,  assuming  one  type  of  distribution  as  in 
Table  2,  we  obtain  reliabilities  of  G.b6. 
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(Figure  17-6) 

You  can  see  under  one  condition  you  get  a Lander 
model  reliability  from  .79  to  .b4,  and  you  assume  Just  a 
different  type  of  distribution.  You're  right  down  to  0.999 
under  all  conditions.  The  temperatures  should  be  20  degrees 
Centigrade,  not  20  percent. 

This  implies  that  the  actual  type,  of  course,  of 
failure  of  frequency  distribution  must  be  fuJly  understood 
before  any  statistical  manipulation  is  applied.  This  leads 
to  another  consideration,  and  that  is  the  importance  of 
reliability  factors  as  applied  to  battery  cycling. 

Many  aerospace  programs  ha\e  strictly  interpreted 
reliability  requirements,  and  in  man>  cases  these 
requirements  have  been  satisfied  by  what  I call  statistical 
ledger  domain.  This  has  been  necessary  because  of 
insufficient  data  to  obtain  the  required  reliability  factors 
rather  than  because  of  unreliable  comoonents. 

In  other  aerospace  proorams  the  term  ^'reliability" 
is  used  in  the  sense- of  hloh  ouality  rather  ithan  having  any 
statistical  significance.  : 

Thus  one  use  is  quantitative  end  the  other  is 
oualitative.  If  reliability  with  statistical  significance 
is  Doing  to  be  a requirement,  then  further  evaluation  of 
oata  such  as  the  train  data  pac'tcage  rrust  be  accomplished.  In 
all  probability  these  data  should  be  augmented  with  flight 
data  to  provide  sufficient  information  for  this  statistical 
analysis  which  can  provide  usable  reliability  factors. 

This  was  done  to  some  extent  a few  years  ago  by 
TRW  in  their  reliability  evaluations  of  NiCd  batteries  for 
the  Helio  program;  they  augmented  their  data  package  with 
actual  flight  information. 

What  do  we  conclude  from  this?  Ihe  present 
predictive  models  are  extremely  difficult  to  compare  because 
of  the  absence  of  information  concerning  the  frequency  of 
failure  distribution.  Ihe  JPL  model  is  a bit  pessimistic, 
and  though  statistically  accurate,  it's  based  on  a limited 
sample  size.  It  would  be  extremely  difficult  to  use  the 
factors  derived  from  the  JPL  model  in  actual  aerospace 
programs. 


206 


For  instance,  the  JPL  model  predicts  for  a cell 
7300  cycles  at  a reliability  of  0.9  et  20  percent  DOD  and  20 
degrees  Centigrade.  0.9  is  a very  low  reliability  factor 
for  a component.  A battery  with  22  cells  would  have  a 
reliability  of  O.I.  You  don^t  fly  with  such  reliability 
numbers. 


This  in  no  way  impugns  the  derivation  of  the  JPL 
model.  In  fact,  the  concept  used  sno  its  derivation  are 
unique  and  they  are  creative,  and  the  true  value  of  this 
model  has  probably  not  as  yet  been  fully  realized. 

Since  the  JPL  model  fits  the  NASA  accelerated  test 
procram  extremely  wall,  this  would  imply  that  these 
accelerated  test  data  do  not  really  represent  real  time 
data  and  that  further  correlation  is  needed  between 
accelerated  test  and  real  time  data. 

both  the  Lander  and  the  McDermott  models  also 
represent  considerable  effort  and  probably  represent  within 
the  interpolated  data  the  popular  concepts,  at  least,  of 
life  expectancy  of  nickel -cadmium  cells.  They  both  suffer 
from  the  fact  that  they  do  not  deterrrine  the  type  of 
freouency  of  failure  with  which  they  are  working,  and  thus 
it's  very  difficult  to  interpret  their  predictions  in  terms 
of  reliability.  However  they  both  make  rather  reasonably 
close-like  oredictions  when  they  are  within  their 
interpolated  data  range;  once  they  get  outside  into  the 
extrapolated  data  range  they're  wide  apart.  And  they  will 
proouce  usable  reliability  factors  only  if  we  assume 
Gaussian  type  distributions. 

The  importance  of  the  reliability  reouirements  is 
a complex  topic  and  very  sprightly  between  aerospace 
programs.  If  a reliability  requirement  is  to  have 
statistical  significance,  then  test  programs  must  produce 
data  which  can  be  utilized  to  obtain  reliability 
information.  This  has  not  been  done  in  the  past.  These 
test  programs  must  produce  data  for  which  freouency  of 
failure  distributions  can  be  either  obtained  directly  or 
from  which  reasonable  assumptions  can  be  made,  leading  to 
these  reliability  factors. 

Are  there  any  Questions? 

DISCUSSION 
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THIERFELDER  (GE) : As  you  pointed  out,  at  20 

degrees  Centigrade  and  20  percent  depth  of  discharge,  the 
prediction  is  only  7300  cycles  with  a reliability  of  .9. 
T'/ell,  couldn’t  we  work  this  backward,  then,  and  plug  in — 
orbital  experience  indicates  we  can  get  about  30,000 
cycles — plug  in  30,000  cycles  and  see  what  the  reliability 
number  would  come  out? 


Have  you  done  that?  It  would  be  Interesting  to 
see  what  the  reliability  would  be  if  vou  worked  the  equation 
backwards. 


SCHULMANs  Which  equation  are  you  referring  to? 

Ihe  JPL  prediction? 

'IHIEHrELDEH*  Wellt  where  they  determined  that 
7300  cycles. 

SCHULMAMj  That  doesn't  come  from  the  equation. 
There  is  more  than  merely  the  equation.  There  was  a series 
of  curves  which  oo  along  with  the  equation. 

THIERFELDER*  v\ell,  if  you  still  worked  it 
backwards,  couldn't  you  solve  for  the  reliability  number? 

SCHULMAN*  No,  you  can't  do  that?  I'm  sorry. 

SULLIVAN  (Bell  Labs)*  Just  a couple  of  ouick 
comments.  We've  been  studying  the  real  time  Crane  data 
rather  then  the  accelerated  for  the  lelstar  orogram.  Ano  it 
appears  from  the  low-earth  orbit  and  the  geosynchronous 
orbits  at  Crane  that  the  distribution,  the  failure 
distribution  for  GE  cells*  those  are  the  only  ones  we've 
studied,  the  prismatic  GE  cells*  is  a log-normal 
distribution.  It  is  neither  normal  nor  random  failures,  but 
log-normal.  The  Weible  would  be  an  added  distribution  to 
log-normal,  in  that  you  have  another  adjustc?ble  parameter, 
we  find  we  don't  need  this. 

I 

This  distribution  is  simpler  to  use  to  go  from 
cell  data  to  the  probability  of  your  battery  survival  in 
whatever  mission  you  have. 

So  I would  think  that  if  anyone  is  ooing  to  do 
this  type  of  calculation,  they  might  start  with  a log-normal 
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distribution.  It-'s  a little  simpler  than  a /Jeible  and 
appears  to  handle  tlie  data  far  better  then  normal  or  random 
failures. 


SCHULMAN:  Have  you  published  the  work  on  that  as 

yet? 

SULLIVAH*  No,  Pm  sorry  we  haven-'t.  It's  just 
about  finished,  and  it  will  be  out  ffirly  soon. 

SCHULMAN*  But  at  least  you  recoonize  the  fact 
that  you  must  be  aware  that  the  term  "distribution"  is 
important. 

SULLIVAN*  Oh,  yes?  without  that  you're  lost. 

SCHULMAN*  That's  right,  lhat's  the  point  I was 
trying  to  make. 

SULLIVAN*  In  a log-normal  distribution  you  only 
have  two  parameters,  the  median  life  and  the  standard 
deviation.  There  do  appear  to  be  standard  deviations  for 
the  two  failure  modes*  the  self-shorting  and  cell 
oegradation.  And  they  appear  to  be  sepc:rable,  and  transfer 
from  low-earth  to  geosynchronous  orbit. 

Once  you  have  the  parameters  in  the  distribution, 
you  can  calculate  what  cell  performance  you  need  to  insure 
6,  let's  say,  90  percent  probability  of  battery  survival 
over  your  mission  life. 

SCHULMAN*  >\e  don't  have  trouble  with  the 
transfer  of  cell  data  to  battery  date.  The  point  is,  we 
don't  like  what  we  see.  You  can't  work  with  reliability 
factors  of  .9.  You  must  be  up  above  the  .99  level  to  get  a 
reasonable  battery. 

SULLIVAN*  Oh,  yes?  your  cells  had  better  be  very, 
very  good.  Otherwise  you'll  never  get  90  percent. 

SCHULMAN*  That's  right. 

RITTERMAN  (TRA')»  I presume  that  all  of  these 
models  are  for  low-earth  orbit,  although,  from  some 
questions,  you  could  use  them  for  gee. 


209 


SCHULMAN*  All  of  these  were  low-earth  orbit  type 

cycles. 

RITTEriMAN*  Then  the  recharqe  ratio  and  the  rates 
would  essentially  be  the  same.  That  was  my  question. 

None  of  these  models  address  recharqe  ratio  or 
charge  return,  nor  do  they  address  charge  and  discharge 
rates. 

SCHULMAN*  The  actual  NASA  accelerated  test 
program  did  address  those  problems}  however,  if  you  study 
the  data,  you-'ll  find  that  the  major  effects  on  cycle  life 
are  DOD  and  temperature.  And  so  v/e've  addressed  those. 

RITTERMAN*  Provided  that  >ou're  talking  about 
similar  cycles. 

SCHULMAN*  That's  right. 
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LIFE  PREDICTION  MODELS 


McDERMOn  MODEL 

Np  ■ A(B-TEMP)e'^*“°'” 


Nr 


A ■ 1500  , B ■ 70  , C 
0^ 


NUMBER  OF  CYCLES  TO  FAILURE 
0.038 

TEMP  ■ “C  , DOD  • % 

LANDER  MODEL 

CYCLE  LIFE  • | (3'(T-50I/10 

X ■ 600  , A ■ WOO 
T ■ °C 

JPL  FAILURE  MODEL 


■)«•«]  (W) 


M . n ,nnnil-5„AE/R(l/303-im 

\norm  ^ 

NpNORM  ■ lifetime  OF  CELL  NORMALIZED  WITH  RESPECT  TO  TEMP  AND  DOD 
DOD  ■ DECIMAL  VALUE 
T • °K  , AE  ■ 5.5  K CAL/MOLE 


Figure  17-1 


TABLE  I 


LIFE  PREDICTIONS  OF  AEROSPACE 
MCDERMOTT,  LANDER,  AND  JPL 


NI-CD  CELLS 
MODELS 


TEMP 

%DOD 

P.  MCDERMOTT 

N.  1500(70  -T)e-0  «8(D0D) 

J.  LANDER 

JPL  FAILURE  MODEL 
RELIABILITY  *0.9 

10 

71.800 

670. 500 

41, 100 

20 

49. 100 

298,000 

14,500 

■ 

30 

33.600 

173, 800 

7.900 

40 

23,000 

111,  800 

5. 100 

IQQI 

10 

61, 500 

20 

42.000 

■ 

30 

28,800 

■ 

40 

19, 700 

■i  !■ 

10 

51.  300 

87, 300 

20,700 

20 

35, 100 

38. 800 

7, 300 

■ 

30 

24,000 

22, 600 

4.000 

40 

16. 400 

14, 600 

2, 600 

l^jyi 

10 

41.000 

38,700 

15. 200 

20 

28, 100 

17.  200 

5, 400 

■ 

30 

19. 200 

10,000 

2,900 

■ 

40 

13. 100 

6.500 

1. 900 

10 

30,800 

22.  500 

11,400 

20 

21,000 

10,000 

4,000 

■ 

30 

14.400 

5. 800 

2.  200 

■ 

40 

9. 800 

3,800 

1.  400 

Figure  17-2 


RELIABILITY  (EXPONENTIAL  DISTRIBUTION) 


R • <1) 

R • RELIABILITY 

X ■ FAILURE  RATE.  RECIPROCAL  TIME 
t • OPERATING  TIME,  UNITS  OF.TIME 
MTBF  • MEAN  TIME  BETWEEN  FAILURE 

mtbf'-  j 


Figure  17-3 


APPLICATION 


• USE  JPL  PREDICTION  AT  20°C  AND  30  % DOD  OF  A 000  CYCLES  AT  RELIABILITY  OF 
0.9  AS  MISSION  REQUIREMENT! 

• USE  LANDER  MODEL  PREDICTION  AT  20°C  AND  30  % DOD  OF  22.600  CYCLES  AS  MTBF 

^ . ,-t/MTBF  . J-4000/22.600 

R • as4 

COMPARE  R-  ■ 0.84  AND  JPL  PREDICTION  OF  R • 0.9 

Figure  17-4 


RELIABILITY  COMPARISON 
MCDERMOTT,  LANDER,  AND  JPL  MODELS 


TEMP 

»D0D 

P.  McOERMOn  MODEL 
JPL- R -0.9 

J.  LANDER  MODEL 
JPL-R-a9 

0®c 

10 

0.56 

0.94 

20 

0.74 

a 95 

30 

a 79 

0.96 

40 

0.80 

a96 

10°C 

10 

0.63 

0.88 

20 

0.78 

0.91 

30 

0.83 

0.91 

40 

0.83 

a9i 

20°C 

10 

0.67 

179 

20 

a 81 

183 

30 

0.85 

184 

40 

0.85 

0.84 

30°C 

10 

o' 69 

a68 

20 

0.83 

173 

30 

a86 

175 

40 

0.86 

175 

40°C 

10 

0.69 

160 

20 

0.83 

167 

30 

D86 

168 

40 

0.87 

169 

TABLE  III 

RELIABILITY  COMPARISON 
LANDER  AND  JPL  MODELS 


TEMP 

»DOD 

J.  LANDER 
PREDiaiON 
CYCUS 

JPL 

PREDiaiON 

IR'0.91 

CYCUS 

LANDER  MODa 
EXPONENTIAL 
DISTRIBUTION 
RELIABILITY 

UNDER  MOOa 
GAUSSIAN 
DISTRIBUTION 
RELIABILITY 

TO®! 

10 

87.3d0 

20.700 

179 

0.999  + 

20 

38.800 

7,300 

183 

1999  + 

"*a. • 

'^Cl999+/.f 

40 

14.600 

2.600 

184 

0.999  + 

Figure  17-5 


Figure  17-6 
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NiCd  BATTERY  CYCLE  LIFE  PREDICTION  EQUATION 
FOR  LOW  EARTH  ORBIT 
U.  Hafen 
Lockheed 

Ihis  audience  needs  little  motivation  to  perform 
some  type  of  cycle  life  analysis,  and  the  equation  and  the 
method  I'm  going  to  present  is  going  to  concentrate  on  low 
earth  orbit. 

(Figure  18-1) 

In  any  engineering  design  of  a spacecraft  there 
are  some  things  that  are  predetermined  end  some  that 
basically  the  engineer  has  control  over.  The  orbit  would  be 
one  of  the  things  that  is  basically  a given.  And  the  method 
of  heat  transfer,  for  example,  wouic  be  something  that  the 
engineer  has  some  control  over. 

By  performing  a cycle  life  analysis  it  has  some 
bearing  on  the  values  or  parameters  that  are  going  to  be 
used  to  fly  the  soacecraft. 

(Figure  18-2) 

This  paper  is  going  to  basically  concentrate  on 
these  first  two  boxes  of  this  flow  chart. 

A data  base  is  selected,  and  then  a life 
prediction  method  is  created.  And  this  goes  on  to  be  used 
for  any  number  of  life  preoictions  for  different 
spacecrafts.  And  this  is  kind  of  a cecision  process. 

(Figure  18-3) 

The  data  base  that  Lockheec  has  selected  for  this 
particular  analysis  is  Naval  Weapons  Support  Center  Crane 
real  time  NiCd  test  date.  And  a lot  of  this  has  been 
eliminated  based  on  three  criteria,  basically. 

One  is  the  way  the  test  is  run,  and  that  would 
include  no  geosynchronous  tests,  only  low  earth  orbit. 
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Another  is  the  type  of  hardware.  For  example* 
there  are  no  polypropylene  separator  cells  included.  Ihere 
are  no  pellon  2503  cells  included. 

And  the  other  is  the  way  the  actual  test  turned 
out.  And  that  is  characterized  by  the  fifth  bullet  here, 
which  says  no  packs  that  were  subsequent  to  power  supply 
failures  or  that  type  of  thing  were  included  because  it  was 
actually  premature. 

Now  subseouent  to  listing  ell  the  NiCd  cells  that 
fit  these  various  criteria  some  were  eliminated  on  the  basis 
of  a plot.  Some  of  them  looked  like  they  would  bias  the 
data  too  far  in  the  conservative  direction, , and  those  were 
mainly  things  like  the  old  Gulton  cells  that  were  received 
at  Crane  in  1963.  And  it  ended  up  that  there  were  only  a 
couple  of  packs  of  Eagle-Picher  and  SAFT  cells.  So  those 
were  eliminated. 

And  we  were  left  with  a large  data  base  that  was 
only  General  Electric  cells. 

(Figure  18-4) 

This  chart  summarizes  all  of  the  data  base.  This 
can  be  divided  into  two  parts.  The  iirst  is  prior  to  1970, 
which  is  basically  only  one  design  ol  a GE  12  ampere-hour 
cell.  And  the  others  are  past  the  line,  the  demarcation 
line  of  1970.  And  there  are  several  other  differences  that 
come  out  in  this. 

One  of  these  is  that  the  original  cells  were  under 
e test  matrix  of  12  conditions.  There  are  six  shown  here, 
but  that-'s  for  1 .5  or  3 hour  charge  times.  The  others  are 
not  a test  matrix.  But  you  might  notice  that  most  of 
them  are  either  25  percent  20  degrees  C or  40  percent  zero 
degrees  C.  So  it^s  not  nearly  as  nice  a range  of  data  as 
for  the  original  test. 

(Figure  18-5) 

Now  concentrating  on  the  original  test,  if  you 
look  at  what  the  cycles  to  failure  are  you  can  derive  a verv 
nice  equation  and  it  really  doesn't  matter  a whole  lot  what 
the  form  of  the  equation  is.  If  it  goes  through  a couple  of 
these  points  it's  liable  to  go  through  all  of  them. 
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Ihis  was  the  basis  of  an  equation  that  was 
developed  by  Lockheed  in  19-77,  which  was  a predecessor  to 
the  one  I'm  going  to  present. 

(Figure  18-6) 

This  is  the  basic  equation  that  we're  presenting, 
and  it's  based  on  a distribution  of  failures  within  a 
battery.  N is  the  number  of  ce)ls  in  the  battery  and 
represents  a failure  number.  And  you're  most  likely  to  be 
interested  in  M equals  one.  And  there's  an  Arrhenius 
temperature  term  out  here.  This  assumes  that  there's  only 
one  degradation  mode,  and  that  probably  isn't  true  either. 

One  other  thing  I ought  to  mention  here  is  what 
the  definition  of  failure  is,  and  that's  the  definition  that 
Crane  uses,  which  is  a cell  reaching  .75  volts  or 
experiencing  a short. 

So  we  went  through  this.  And  for  the  post-1970 
cells  we  developed  these  coefficients.  It  Didn't  have  a 
large  correlation  coefficient.  It  was  something  like  .8, 
whereas  for  the  test  matrix  before,  the  1964  matrix  let's 
call  it,  that  had  a correlation  coefficient  of  .97. 

However,  as  you'll  see,  it  parallels  the  other 
equation  nicely  in  a lot  of  respects. 

(Figure  X8-7) 

This  is  a comparison  of  a bunch  of  equations  and 
some  others  taken  from  other  references,  and  I will  try  to 
go  through  these  in  a meaningful  fashion. 

A represents  the  original  test  matrix  from  1964. 

BC  and  BC*  are  both  basically  the  same  equation  from 
post-1970.  And  it  is  the  same  as  A except  we're  shifted  by 
a multiplicative  factor  for  this  reason:  that  it  only 

differs  by  a multiplicative  factor/  and  the  fact  that 
this  data  base  A had  a .97  correlation  coefficient,  it 
puts  a fair  amount  of  confidence  in  these  equations. 


There  are  several  others  shown  here.  H is  an 
optimistic  estimate  of  cycle  life.  It  only  used  about  three 
packs.  This  BC  number  17  is  from  the  latest  Crane  report. 
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whereas  these  used  the  16th  annual  Crane  report.  And 
there^'s  one  down  here  that  was  derived  from  reliability 
predictions  that  Etheridge  Paschal  made  in  1974  by 
convoluting  his  reliability  predictions  into  a cycle  life 
prediction. 


This  doesn't  look  too  good.  But  if  you  look  at 
his  figures,  he  has  the  highest  reliability  at  10  and  12 
degrees.  It's  Just  a dropping  off  from  ten  degrees  C to 
zero  degrees  C to  minus  20  that  causes  this  to  be  low.  I 
don't  think  it  really  disagrees  substantially  from  this. 

This  TRkV  curve  which  is  here  was  taken  directly 
out  of  the  NASA  manual  that  Scott  enc  Rusta  worked  on  just 
recently,  and  it  refers  back  to  some  work  that  TR/J  had  done 
before  that. 

L is  using  the  post-1970  data  base  except  that  it 
was  constructed  so  as  to  make  this  linear  on  this  type  of 
paper. 


(Figure  18-8) 

Ihis  is  Just  this  data  base  L shown 
parametrically,  and  there  are  several  things  about"  this 
equation  that  make  It  more  reasonable  which  is  outside  the 
range  of  where  the  data  were  anyhow.  And  that  is  that  you 
don't  get  infinite  cycle  life  at  zero  DGD,,  and  also  you 
don't  get  500  cycles  at  100  percent  DOD,  which  also  would  be 
unreasonable. 

So  this  is  a different  eauetion  which  I guess  has 
a higher  correlation  coefficient  than  that  curve  that  I 
showed.  I've  only  been  working  with  this  recently  on  advice 
of  some  people  as  a result  of  the  lECEC. 

I 

(Figure  18-9) 

Now  moving  on  from  what  the  cycle  life  preoiction 
equation  is  to  how  that  would  be  useo  in  an  actual  regime 
where  you  don't  have  a single  DOD  anc  you  don't  have  a 
single  temperature  but  you're  working  at  various  DODs  and 
temperatures,  and  the  way  that  is  done  is  to  essentially 
calculate  a fraction  life  for  each  pert  of  the  cell's  life. 
But  before  you  do  that  you  construct  a histogram  of  where 
it's  going  to  be  operating  so  that  it  will  be  integrated 
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easier 


I guess  this  is  better  explained  in  the  next 

Vu-graph. 


(Figure  18-10) 

This  is  just  an  examplet  just  to  make  it  simple. 

It  has  six  compartments  and  each  one  of  them  has  a height. 
Ihis  is  the  fractional  life  that  it  Vvill  spend  at  30  percent 
and  15  degrees  Ci  for  example.  Once  you  get  those  the  life 
expended  due  to  that  is  given  by  a term  like  this.  If  you 
add  up  all  those  fractions  and  divide  it  into  one  you  come 
out  with  a cycle  life  prediction. 

This  seems  like  a complicateo  process  and  it 
actually  turns  out  if  you  do  this  and  you  also  take  the 
averages  of  all  the  DQDs  and  temperatures  before  you  do  it, 
this  cycle  life  prediction  is  only  three  percent  higher.  So 
you  might  say,  well,  three  percent  might  be  even  more  than 
the  data  'justifies,  which  may  be  true. 

(Figure  18-11) 

This  is  a more  complicated  example,  and  it^s 
basically  constructed  so  that  it  gives  a pretty  picture  of 
what-'s  going  on. 

It  shows  that  for  these  types  of  histograms  also 
you  can  shake  down  each  side  and  you  can  get  a histogram  of  - 
the  temperature  and  the  DOD,  basically  showing  the  same  type 
of  calculation. 

(Figure  18-12) 

This  just  shows  what  each  compartment  predicted 
cycle’  life  is,  and  comparing  what  it  is  for  this  type  of 
analysis  that  Pm  using  and  also  just  using  the  average. 

And  this  is  about  three  percent  higher,  like  I said. 

I'd  also  like  to  say  most  cf  this  material 
appeared  in  the  lECEC  in  August  of  this  year. 

And  I will  entertain  questions  now. 

GASTON  (RCA)»  We've  been  talking  quite  a bit 
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about  percent  DOD  this  morning.  How  do  you  define  DOD,  with 
respect  to  weighted  capacity  or  actual  capacity  obtained? 

Kd  Just  like  you  to  clarify  that  point. 

HAFENs  In  this  case  this  vas  the  same  DOU  in  the 
Crane  test  data  which  is  based  on  the  nominal  DOU. 

GASTON*  All  right.  Thank  you. 

CONSTANTINEAU  (Pellon  Corporation)*  You  stated 
that  in  your  data  base  you  excluded  the  use  of  Pellon  2503. 
Is  that  because  it  works  so  well? 

HAFEN*  Well,  I believe  from  the  data  that  I saw 
at  the  time  that  those  were  working  cbout  the  same.  However 
1 was  trying  to  eliminate  all  designs  that  by  any 
irnaoination  were  different. 

" I 

Now  I know  that  2503  is  closer  to  2505  than  Pellon 
is  1 mean  than  polypropylene  is. 

CONSTANTINEAU*  Okay. 

I 

The  difference  between  the  2503  and  the  2505  and 
-6  are  just  the  orientation  of  the  fibers.  The  2503  is 
uni-directional  whereas  the  older  2505  and  2506  were 
cross-laid  materials.  But  essentially  they  are  chemically 
the  same. 
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'^lockheed  PURPOSE  OF  CYCLE  LIFE  ANALYSIS  USE  OF  CYCLE  LIFE  ANALYSIS  IN  DESIGN 


TO  DereRMINE  one  or  more  op  the  POLLOWINOt 
% DEPTH  OP  DISCHARGE 

• HUMBER  OP  BATTERIES 

• SIZE  (CAPACITY)  OP  BATTERIES 

• OPERATING  TEMPERATURE 

TO  DETERMINE  THERMAL  CONTROL  NEEDED 

• METHOD  OP  HEAT  TRANSFER 

• PLACEMENT  OP  BATTERIES 


Figure  18-1 


Figure  18-2 


'^LocHheed  DATA  BASE  INCLUSION  CRITERIA 


• NO  GEOSYNCHRONOUS  OR  2H-HOUR  ORBITS  INCLUDED 

• ONLY  NYLON  SEPARATOR  INCLUDED;  PELLON  STYLE  2503  EXCLUDED 

• NO  PACKS  INCLUDED  WITH  PREMATURE  PRESSURE  FAILURES 

• NO  CYLINDRICAL  CELLS  INCLUDED 

• NO  PACKS  WITH  FAILURES  SUBSEQUENT  TO  REVERSAL  OR  EQUIPMENT 
ANOMALIES  INCLUDED 

• NO  CELLS  HAVING  GAS  RECOMBINATION  ELECTRODES  INCLUDED 

• NO  PACKS  FAILURES  INCLUDED.  SINCE  IT  IS  NOT  INDICATED  HOW  MANY 
CELLS  FAILED 

• NO  PACKS  USING  "SOPHISTICATED"  CHARGE  METHODS,  SUCH  AS  AUXILIARY 
ELECTRODE  CONTROLS,  INCLUDED 

• NO  PACKS  SUBJECTED  TO  MULTIPLE  TEMPERATURE  REGIMENS  INCLUDED 

• NO  DESIGN  VARIABLES  CELLS  INCLUDED  (SUCH  AS  THOSE  INCORPORATING 
VARIABLE  PRECHARCE  OR  VARIABLE  ELECTROLYTE  AMOUNT) 

• NO  CELLS  INCORPORATING  "INTERNAL  PRESSURE  DEVICES"  INCLUDED 


Figure  18-3 
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CELL  HARDWARE  INCLUDED  IN  CYCLE 
•^tacHheed  LIFE  PREDICTION  EQUATIONS 


START 

DATE 

VENDOR 

CAPACITY 

TEST 

NAME 

DESICN 

OPERATINC  CONDITIONS 

CYCLE  LIFE*  (CYCLES) 

l'4-64 

CE  12  Ah 

ORIG 

NO  PQ, 
NO  TFE 

DOD  0 25  40  FOR  1.5. 

1 15  X X 3.0  HR 

25  X X X CHARCE 
00  X TIME 

NEXT  SLIDE 

3-10-71 

CE  6 Ah 

NICKEL 

BRAZE 

PQ,  NO  TFE 

I92B  251  DOD,  0«C 

2 PREMATURE  FAILURES  AT  5844. 
DISC  AT  39446 

«95B  25%  DOD,  20°C 

CELL  FAILURES  AT  38804,  40294,  40571, 
DISC  AT  40790 

«106B  25%  DOD,  00°C 

PACK  FAIL  AT  7538 

12-11-73 

CE  12  Ah 

OSO-I 

PQ,  SILVER 

»7C  16%  DOD,  10»C 

NF,  DISC  24890 

J-6-74 

GE  8 Ah 

SAS-C 

PQ,  NO  TFE 

I18E  25%  DOD,  20<>C 

NF,  DISC  23708 

3-6-74 

CE  8 Ah 

SAS-C 

PQ,  TFE 

#18F  25%  DOD,  20"C 

NF,  DISC  23772 

9-17-70 

CE  20  Ah 

STANDARD 
VS  TEFLON 

PQ,  AB29TFE 

lie  25%  DOD,  20°C 

CELL  FAILURE  AT  20686,  21237, 
PACK  FAIL  AT  24088 

ilH  00%  DOD,  0»C 

NF,  ON  TEST  26895 

9-17-70 

CE  20  Ah 

STANDARD 
VS  TEFLON 

PQ,  AB30 
NO  TFE 

#11  25%  DOD,  20»C 
#1J  00%  DOD,  0”C 

NF,  ON  TEST  27128 
NF,  ON  TEST  26664 

5-5-75 

GE  6 Ah 

ITOS 

PQ,  NO  TFE 

I7D  + 29%  DOD,  20°C 

NF,  DISC  8275 

3'7-76 

GE  12  Ah 

lUE 

PQ,  TFE 

I8F  25%  DOD,  20«C 
I8C  00%  DOD,  0°C 

NF,  ON  TEST  24200 
NF,  ON  TEST  23561 

6-J0-77 

GE  20  Ah 

STANDARD 

CELL 

PQ,  TFE 

I12F  00%  DOD,  10°C 
I12C  25%  DOD,  20»C 
#121  00%  DOD,  30°C 

NF,  ON  TEST  13207 
NF,  ON  TEST  13386 
0/0  CELLS  FAILED 

1-27-78 

CE  26.5  Ah 

TIROS-N 
AND  NOAA-A 

PQ,  TFE 

#26C  20%  DOD,  10°C 
#26H  25%  DOD,  10°C 

NF,  ON  TEST  9065 
NF,  ON  TEST  9083 

*AS  REPORTED  IN  1980  "NWSC/CRANE  REPORT"  NO.  WQEC/C  80-30 


Figure  18-4 


GE  12  Ah  original  CRANE  TEST  CYCLE  DATA 


DEVELOPMENT  OF  PREDICTION  EQUATION 


CYCLE  LIFE  (CYCLES) 


OX 

25X 

40X 

1.5-HR 
CYCLE  TIME 

ISt  DOD 

54972 

626S0 

75278 

75868 

NOT 

TESTED 

8332 

8896 

9710 

2St  DOD 

13218 

25786 

34343 

7536 

10608 

10878 

3792 

3792 

4853 

40%  DOD 

NOT 

TESTED 

3792 

4020 

4020 

NOT 

TESTED 

8988 

10575 

10661 

3-HR 

CYCLE  TIME 

1S%  DOD 

28312 

NOT 

TESTED 

25%  DOD 

19654 

12316 

12822 

13897 

4030 

4368 

4424 

40%  DOD 

NOT 

TESTED 

3864 

3936 

5002 

NOT 

TESTED 

FAILURE  DEPTH  OF 

FRACTION  DISCHARGE 


COEFFiciENTS 


ARREHNIUS 
TEMPERATURE  TERM 


FROM  POST-1970  CELL  TESTS  (DATABASE  BC*) 
« » 9.71 

b ■ 0.229 


c « -1.5«I5 
d > 3,8<I3 


Figure  18-6 


Figure  18-5 
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PREDICTED  CYCLE  LIFE  (CYCLES) 


COMPARISON  OF  CYCLE  LIFE 
PREDICTIONS  AT  0°C 


PREDICTION  EQUATION  "L” 
(LINEAR  WITH  DOD) 


DOD  (PERCENT) 


Figure  18-7 


Figure  18-8 


-^i^Lockheed 


CYCLE  LIFE  PREDICTIONS  FOR 
MULTI-DOD,  MULTI-TEMP 


• CONSTRUCT  TWO-DIMENSIONAL  HISTOGRAM  (T  VS  DOD) 

• calculate  cycle  life  for  each  compartment  of  histogram  (Wj  ) 

• CALGULATE  FRACTION  LIFE  EXPENDED,  FOR  EACH  COMPARTMENT: 

COMPARTMENT  HEIGHT,  Wj 

PREDICTED  CYCLE  LIFE  FOR  COMPARTMENT 

• ADD  LIFE  FRACTIONS  AND  DIVIDE  INTO  TOTAL  COMPARTMENT  HEIGHT 

/predicted  \ 2W( 

\CYCLE  LIFEj  ~ /(CYCLE  LIFEiJ) 

Figure  18-9 
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yif^lJOcKheed  EXAMPLE  OPERATING  REGIMEN  I 


tlFE  PREOICTION  - t. 


c.ns  . e.ns  . o.js 
T57U*  * TtlTi  ♦ TTTss 


Itnl) 


Figure  18-10 

EXAMPLE  OPERATING  REGIMEN  II 


Figure  18-11 

example  operating  REGIMEN  II  ANALYSIS 


CONDITION  CYCLf  MVKS 
TEMPI  RAT.URB 


7.I"C 

12.S«C 

7.11 

- 

111. 121 

1M.I7I 

117.171 

12.lt 

10I.9S2 

ll,7lf 

•7,  Ml 

IS.  129 

17.lt 

•1.271 

10.117 

10.127 

— 

22.lt 

t«.2M 

11.117 

27.211 

— 

• PREDICTION  POR  FIRST  FAILURE  OF  22  CELLS 

• PREDICTION  USING  "FRACTION  LIFE*  EXPENDED  ■ SI.01I  CYCLES 

• LIFE  PREDICTION  USING  AVERAGE  DOO  (1S.2I)  AND  AVERAGE 
temperature  (9.t"C)  • S«,72t 


Figure  18-12 


IIME-TO-FAILURE  ANALYSIS 
FOR  NlCd  BATTERIES  IN  A GPS  ORBIT 
K.  Sense 
Rockv/e  11 

(Figure  19-1) 

For  its  Block  II  Global  Positioning  System*  the 
GPS  program,  Rockwell  International  v\ill  use  35  amp-hour 
nickel-cadmium  cells  instead  of  the  18  amp-hour 
nickel-cadmium  ceils  used  for  its  Block  I program.  To 
achieve  greater  utilization  of  energy  stored  in 
nickel-cadmium  cells,  Rockwell  is  considering  operating 
these  cells  at  five  degrees  Celsius  or  less,  and  going  to  a 
60  to  65  percent  depth  of  discharge. 

I undertook  an  analysis  to  determine  whether 
nickel-cadmium  cells  operating  under  these  conditions  would 
have  a useful  working  life  of  7.5  years  in  a GPS  orbit. 

The  GPS  orbit  is  circular,  of  12  hours  duration 
ana  undergoes  220  eclipses  a year.  Table  1 compares  the 
characteristics  of  various  orbits.  l\e  note  that  the  GPS 
orbit  experiences  only  220  cycles  a year  and  must  be  treated 
as  a geosynchronous  rather  than  a lov-earth  orbit.  Ihis 
becomes  more  obvious  from  the  fact  that  the  GPS  orbit 
undergoes  two  eclipse  seasons  per  year,  each  season  lasting 
about  55  days.  Ihe  eclipse  seasons  ere  therefore  separated 
by  approximately  128  days,  about  the  same  interval  as  for 
the  geosynchronous  orbit,  13S.5  days. 

Since  the  eclipse  season  undergoes  about  55  aays 
and  the  solstice  period  about  128  days,  GPS  orbit  cell 
degradation  may  be  considered  to  be  divided  into  an  eclipse 
degradation  mode  and  a solstice  degradation  mode. 

Cell  degradation  may  be  considered  to  be  the 
result  of  both  trickle-charge  degradation  and  degradation 
due  to  cycling,  lime-to-f ailure  due  to  trickle-charge 
cegradation  is  designated  as  F(t),  while  time-to-f ai iure 
due  to  cycling  is  designated  as  F'(c). 

As  a first  approximation,  these  failure  modes  are 
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considered  to  be  independent  of  each  other  for  the  following 
reasons* 

Degradation  due  to  cycling  is  principally  the 
result  of  thickeninc  of  the  positive  electrode.  This  occurs 
during  the  discharge-charge  cycle,  thus  causing  a narrowing 
of  the  interelectrode  space.  Ultimately  the  interelectrode 
space  becomes  so  narrow  that  the  nylon  separator  has  little 
or  no  porosity,  thus  causing  separator  dryout  which  leads  to 
cell  failure. 

This  undesirable  action  is  abetted  by  a large 
increase  in  the  micropore  structure  of  the  positive  plate 
with  time.  The  enlarged  pores  of  the  positive  plate  compete 
with  the  separator  for  the  electrolyte  by  capillary  action, 
thus  promoting  interelectrode  dryout. 

Cell  degradation  due  to  trickle  charge  is  of  a 
somewhat  different  nature.  When  overcharge  rates  are 
relatively  high  during  trickle  Charge  the  internal  cell 
temperature  is  increased.  This  leads  to  increased  nylon 
oegradation,  extensively  investigatec  by  Lim  of  Hughes, 
resulting  in  the  production  of  carbonate. 

Ihe  presence  of  carbonate  in  turn  causes  cadmium 
to  go  into  solution  end  increases  caoWium  migration  leading 
to  shorts  within  the  cell. 

Other  products  of  the  degradation  of  nylon  are 
nitrogen  and  water.  The  nitrogen  formed  increases  the 
pre5-sure  within  the  cell  and  the  water  dilutes  the  KOH 
.solution  snJ  thus  decreases  cell  performance. 

Also  loss  of  overcharge  protection  occurs  if 
overcharge  rotes  are  relatively  hioh  thus  causing  hydroaen 
generation. 


(Figure  19-2) 

'Jaking  both  failure  modes  into  cons ioeration  the 
resulting  tirne-to-failure  value  for  the  cell  is  designated 
as  'Hr.  Since  as  a first  approximation  these  failure  modes 
are  taken  to  be  independent  of  each  ether, ' 1 have  formulated 
the  equation  designated  as  1-A  in  Figure  I. 

This  eauation  relates  ITF,  F(t),  and  F'(c).  HF  is 
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solved  for  explicitly  in  eauation  1-B.  This  equation  is 
valid  for  any  selected  functions  of  F(t)  and  F'(c). 

I have  chosen  modified  versions  of  P.  McDermott's 
expressions  of  these  functions  as  the  principal  functions 
for  this  study,  although  other  expressions  may  be  used  with 
equal  validity,  such  as  one  relating  the  F'(c)  expressions 
Given  by  Hafen  and  Corbett  of  Lockheed  at  this  year's  lECEC 
meeting.  And,  incidentally,  Mr.  Hafen  showed  you  the 
expression  that  I have  used,  namely  the  BC*  expression. 

(Figure  19-3) 

In  a recent  publication  McDermott  investigated 
cell  degradation  in  a synchronous  orbit.  From  a study  of 
Crane  real-time  synchronous  orbit  data,  as  well  as  from  data 
obtained  by  simulated  synchronous  orbits  with  accelerated 
test  packs,  he  came  to  the  conclusion  that  the 
trickle-charge  period  may  be  the  prime  cause  of  cell 
cegradation  in  synchronous  orbits  for  depths  of  discharoes 
equal  to  or  less  than  40  percent. 

Since  under  synchronous  conditions  he  considered 
cell  degradation  due  to  cycling  insignificant,  he  did  not 
inciude'a  factor  for  depth  of  discharge  degradation  in  his 
time  to  failure  equation. 

Equation  2-A,  shown  in  Figure  2,  may  therefore  be 
considered  to  reflect  only  trickle-charge  degradation. 

Now  McDermott  was  largely  correct  in  making  this 
assumption,  particularly  in  view  of  the  fact  that  in  the 
geosynchronous  orbit  the  battery  undergoes  only  88  cycles 
per  year.  In  fact,  for  a C/30  charge  rate,  in  the  synchronous 
orbit  and  a cell  temperature  of  zero  degrees  Celsius  the 
time-to-f allure  value  is  decreased  only  a small  amount, 
namely  from  16.9  years  to  16.4  years,  when  degradation  due 
to  cycling  to  40  percent  DQD,  depth  of  discharge,  is  taken 
into  account. 

However  we^re  considering  cell  degradation  in  a 
GPS  orbit.  Since  the  cells  in  this  orbit  undergo  220 
eclipses  a year  and  since  we  wish  to  go  to  deeper  depths  of 
discharge,  degradation  due  to  cycling  becomes  a major 
factor.  As  indicated.  Equation  2-A  was  formulated  by 
McDermott  for  6 amp-hour  cells  used  in  the  accelerated  test 
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program  carried  out  at  NWSC/Crane.  Since  block  II  GPS 
program  uses  35  amp-hour  cells.  Equation  2-A  is  modified  to 
the  more  general  form  2-b,  where  the  rated  cell  capacity  C 
can  take  any  value. 

(Figure  19-4) 

It  is  clear  that  during  the  solstice  period  only 
trickle-charge  degradation  takes  place.  However,  it  must  oe 
noted  that  during  the  cycling  period  in  a GPS  orbit  the 
maximum  eclipse  is  only  of  55  minute  duration.  Since  there 
are  only  two  eclipses  a day  during  tte  eclipse  season,  cells 
have  a minimum  of  11  hours  and  five  rr'inutes  to  recharge. 

In  a LEG  orbit,  on  the  other  hand,  the  satellite 
undergoes  14  to  16  cycles  a day,  and  therefore  has 
correspondingly  shorter  recharge  periods.  Because  of  these 
considerations  I have  assigned  half  the  time  spent  in  the 
cyciina  mode  to  trickle-charge  degradation.  The  resulting 
expression  for  F(t)  is  given  in  Figure  3,  namely  eouation  3, 

(Figure  19-5) 

Degradation  due  to  cycling  is  generally  reported 
in  the  literature  as  cycles-to-f ai lure,  CtF.  The 
relationship  between  cycles-to-f ai lure  and  time-to-f ailure 
due  to  cycling  degradation,  F'(c),  is  given  in  Figure  4. 

(Figure  19-6) 

Eouations  for  the  determination  of  CtF  have,  among 
others,  been  developed  by  Hafen  and  Corbett  of  Lockheed  and 
by  A^cDermott.  As  stated  previously,  I will,  use  a modified 
version  of  McDermott's  equation  in  this  analysis.  However, 
in  addition  I will  compare  ITF  results  obtained  in  this 
manner  with  those  obtained  using  Hafen  and  Corbett's 
equation  for  selected  values  of  temperature  and  depth  of 
oischerge. 


Figure  5 shows  McDermott's  equation  for  cycies-to- 
failure.  The  coefficients  in  this  eouation  are  the  results 
of  nonlinear  regression  analysis.  In  the  modified  version 
used  by  me  the  last  two  terms  relating  to  discharge  and 
charge  are  left  off,  as  shown  in  the  next  figure. 

(Figure  19-7) 
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Ihe  reason  for  leaving  off  the  last  two  terms  is 
that  for  deep  depths  of  discharge,  sey  70  percent  or  bO 
percent,  the  lest  two  terms  exert  a disproportionate 
influence,  making  the  calculated  cel]  cycle  life  appear 
longer  since  the  values  of  the  last  two  terms  remain 
constant  or  increase  while  that  of  the  first  term  decreases. 
Hence  truncating  Equation  b in  this  manner  eliminates  this 
problem. 


The  effect  of  this  action  cn  less  severe 
operational  modes  is  as  follows* 

For  depths  of  discharges  less  than  about  60 
percent  and  temperatures  less  than  about  20  percent  Celsius, 
the  calculated  cycle  life  is  less  than  about  3.5  percent 
then  it  otherwise  would  be.  The  charge  is  therefore  minor, 
and  thie  cycle-life  values  calculated  by  leaving  out  the  last 
two  terms  are  slightly  on  the  pessimistic  side. 

i^'iith  the  aid  of  Equation  4,  F'Cc)  for  the  GPS 
orbit  is  therefore  evaluated  from  Equation  o in  Figure  6. 

(Figure  19-8) 

/.‘e  are  now  in  a position  tc  determine  whether  35 
amp-hour  nickel-cadmium  cells  operating  at  five  degrees 
Celsius  or  less  eno  65  percent  depth  of  discharge  have  a 
useful  working  life  of  7.5  years  in  a GPS  orbit.  For  an 
overcharge  rate  of  175  milliamps  — end  this  is  a C/200 
rate  --  140  percent  recharge  and  60  percent  DOD,  F'(c) 
is  ceiculcted  to  be  23.57  years,  and  F(t),  25  years. 

Using  these  values  in  Equation  1-B  we  note  from 
Figure  7 that  7'IF  under  these  conditions  is  13.3  years. 

A similar  calculation  shows  that  ITF  for  a NiCd 
battery  goinc  to  65  percent  depth  of  discharge  is  11.9 
years . 


It  is  concluded  that  a 35  amp-hour 
battery  operating  at  five  degrees  Celsius  or 
percent  DOD  will  last  for  at  least  seven  and 
a GPS  orbit. 


nickel-cadmium 
less  and  65 
a half  years  in 


(Figure  19-9) 
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It  was  considered  useful  to  plot  ITF  as  a function 
of  temperature  for  various  depths  of  discharges.  Figure  8 

shows  such  a plot. 

At  57  degrees  Celsius  the  battery  has  essentially 
no  lifetime  in  terms  of  years.  This  must  be  so  because  of 
the  57  minus  T — T being  temperature  — factor  in  Equation 
which  is  the  F(t)  equation. 

(Figure  19-10) 

Figure  9 gives  IIF  as  a function  of  depth  of 
discharge  for  various  temperatures.  We  note  that  for 
temperatures  less  than  10  degrees  Celsius  the  nickel -cadmium 
cells  experience  a rather  long  lifetime  before  failure,  even 
at  cO  percent  ODD.  On  the  other  hano,  time-to-f ai lure  is 
cuite  sensitive  to  temperature. 

(Figure  19-11) 

Finally,  lable  2 compares  'JTF  values  ootaineo  with 
t.he  aia  of  the  modified  McDermott  r''(c)  expression,  ano 
the  values  obtained  using  Hafen  ana  Corbett-'s  expression, 
ana  that  is  the  bC^t  expression  that  he  talked  about  just 
previously.  And  they  cave  that  also  in  a paper  at  the  19bl 
lECbC.  With  one  exception  the  results  ere, in  reasonable 
agreement.  In  general,  however,  shorter  lifetimes  were 
obtained  when  the  modified  McDermott  expression  was  used, 
particularly  at  low  temperatures. 

You  can  see  that  in  the  last  column  the  only  one 
that's  really  radically  different  is  the  third  one,  which  is 
at  a depth  of  discharge  of  70  percent  and  a temperature  of 
zero  degrees  Celsius.  The  rest  of  them  are-  in  reasonable 
agreement. 


lhat  concludes  my  talk. 

iiELLFR ITZbCH*  A very  simple  question.  Maybe  I 
con't  understano  everything,  didn't  follow  everything, 
ihese  years  to  failure,  are  those  averages? 

SENSES  No. 


HELLFiJITZSCHs  Or,  if  not,  what  -- 
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SENSE*  In  the  case  — and  Mr.  Hafen  talked  about 
this  in  his  equation  — I took  the  first  failure  to  be  the 
f ai lure. 


HELLFRITZSCH*  Yes,  the  first  failure.  But  this 
is  time  to  first  failure,  in  other  words.  But  is  that  on 
the  average  or  ten  percent  or  what? 

SENSE*  Well,  this  has  been  worked  out.  I've 
taken  the  conditions  that  McDermott  cave  and  they  are  the 
short,  if  you  have  a short  in  any  cell,  or  if  the  pressure 
goes  to  let-'s  say  250  psi  or  if  the  cell  doesn't  hold  the 
voltage,  if  it  goes  below  one  volt,  and,  as  was  mentioned, 
say,  .75  or  thereabouts. 

The  conditions  for  failure  are  very  nearly  the 
same  for  both  the  McDermott  case  and  also  for  the  Hafen  end 
Corbett  case. 

MILDEN  (Aerospace)*  Have  you  considered  any 
derating  factor  to  the  various  equations  for  the  fact  that 
Crane  data  is  presented  to  .75  volts  per  cell  whereas  most 
working  satellite  systems  operate  dovn  to  somewhere  around 
to  1.1  volts  per  cell? 

SENSE*  t'<all,  1 have  tied  myself  strictly  to  the 
Crane  mold  of  taking  data. 

MAURER  (Bell  Labs)*  When  I first  proposed  I guess 
about  two  years  ago  that  vou  could  separate  the  cyclic  part 
from  the  solstice  part  of  the  geosynchronous  orbit  you  could 
use  that  as  a first  order  eoproximat ion.  Last  year  I think 
1 pointed  out  that  that  was  only  a first  order 
approximation,  and  the  reason  is  that  during  the  solstice 
aging  you  get  degradation  products  which  then  accelerate 
the  degradation  in  the  cyclic  mode. 

For  example,  if  you  take  a set  of  new  cells  and 
cycle  them  to  death  you  get  a certain  cycle  life  that  might 
be  predicted  by  the  cycling  equation  up  here.  But  if  you 
take  those  same  cells  and  do  a trickle  charge  age  for  some 
fraction  of  what  their  trickle  charge  life  would  be  and  then 
put  them  on  cycling  you  get  an  entirely  different  number  for 
the  cycle  life.  It's  much,  much  shorter  because  of  these 
accelerating  factors,  especially  the  corrosion  on  the 
positive  electrode  that  occurs  due  to  the  carbonate  that's 
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formed  in  the  solstice  age.  The  carbonate  accelerates  the 
growth  rate  and  so  the  cycle  life  becomes  less. 

SENSE*  Yes. 

MAURER*  And  finally,  1 think  if  you  plug  in  the 
values  for  the  COMSTAR  satellites  or  the  INTELSAT-IV 
satellites  where  you  have  about  45  percent  depth  of 
discharge  and  something  like  15  degrees,  your  equations  were 
predicting  12  to  13  years  of  life  ana  the  satellites  in  fact 
failed  before  seven  years. 

SENSE*  I emphasize  the  fact  that  'this  is  a first 
approximation.  And  what  I have  done  is  1 have  developed  an 
equation  which  allows  you  to  put  whatever  equations  you 
prefer  to  put  in  for  either  the  cycle  life  or  for  the 
trickle  charge. 

Now  I agree  — I'm  not  sure,  I think  there's  a 
difference  whether  you  fly  it  or  whether  you  do  it  on  the 
ground,  and  Just  why  there  is  a difference  I don't  know. 

In  trickle  charge,  of  course,  what  happens  is  that 
you  do  have  shorting  taking  place  because  the  standard  free 
energy  of  formation  of  cadmium  hydroxide  is  only  minus-.112.5 
kilocalories  per  mole,  whereas  that  for  cadmium  carbonate 
is  minus-160  kilocalories  per  mole.  And  therefore  the 
cadmium  does  want ‘to  leave  the  hydroxide  and  go  and  Join  uo 
with  the  carbonate.  Of  course  you'll  have  growth  because 
the  cadmium  carbonate  is  insoluble  in  water,  and  so  you  do 
have  shorting  of  the  cells  taking  place. 

KASTEN  (Rockwell )s  I think  one  key  thing  that  you 
mentioned  was  your  prediction  was  based  on  a C/200  trickle 
charge  rate  and  a less  than  five  degrees  C temp,  and  I think 
that's  a significant  difference  than  the  two  satellite 
programs  you  mentioned. 

SENSE*  Yes. 

>Nell,  the  eouations  for  the.  other  two  satellite 
programs  did  not  limit  themselves  to  the  kind  of  trickle 
charge  that  you  have.  It  turns  out  that  C/200  is  a fairly 
low  trickle  charge.  McDermott  in  his  paper  has  considered 
trickle  charges  much  greater  than  that,  and  so  there  might 
be  some  discrepancy  there.  I don't  know. 
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Ihe  point  1 do  want  to  make  is  that  we  can  modify 
the  equation  and  out  a different  kino  of  equation  in  the 
general  equation  which  1 developed  at  the  beginning  of  my 
talk. 


t-'DHD  (Goddard)*  I'd  like  to  ask  you  to  comment  on 
6 statement  you  made  earlier.  If  1 understood  it  correctly, 
you  implied  that  cadmium  migration  was  associated  with 
trickle  charge,  vvas  that  what  you  said  earlier  in  your 
presentation? 

SENSE*  Okay.  This  is  kinc  of  a tricky  question. 
Equation  3 in  rigure  3 gives  the  tim e-to-f ai lure  due  to 
trickle  charge,  k'le  note  the  overcharge  rate  is  a factor 
in  the  negative  exponent.  Hence,  for  large  valtjes  of 
F(t)  we  would  want  the  trickle  charge  to  be  as  small  as 
possible.  In  my  presentation  I stated  that  os  a first 
approximation  Degradation  oue  to  cycling  is  primarily  the 
result  of  thickening  of  the  positive  electrode,  and  that 
cell  degradation  due  to  trickle  charcing  leads  to  increased 
nylon  degradation  if  the  trickle-charge  rate  is  sufficiently 
hioii  such  that  the  internal  cell  temperature  is  increased. 
Ihis  leads  to  an  increased  rate  of  nylon  degradation 
resultina  in  the  production  of  carbonate.  Ihis,  in  turn, 
causes  cadmium  to  go  into  solution  and  increases  cadmium 
ri'iigration  leadina  to  shorts  in  the  cell.  However,  if  the 
ceil  temperature  is  kept  low  enough  in  spite  of  higher 
overcharge  rates  the  degradation  of  nylon,' and  hence  tne 
rate  of  carbonate  production,  woulo  be  low.  The  net  result 
would  be  a low  rate  of  cadmium  migration. 

HOED*  h'ell,  I'm  not  sure  I still  understand.  But 
the  implication  I got  earlier  was  that  trickle  charge  ooes 
produce  cadmium  migration.  And  I pointed  out  to  you  several 
years  ago  there  was  a test  run  to  lock  at  that  where  trickle 
chare e was  the  dominant  mode  for  about  three  years,  ano 
cadmium  migration  oid  not  show  up  as  an  important  parameter 
in  terms  of  the  cell  degradation  mechanism.  And  I think 
that  was  about  C/30  at  room  temperature. 

MAURER  (Bell  Labs)*  Two  more  comments* 

back  in  about  1970  or  '71  I presented  a paper  here 
tliet  first  proposed  this  nylon  degradation  mechanism,  the 
high  temperature  overcharge,  the  nylon  dearadation  products 
migrating  to  the  positive  electrode,  decomposing  and  taking 
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eway  the  oxygen  evolution  that  woulo  normally  have  kept  the 
negative  aischargeo  or  at  its  constant  state  of  charge,  end 
ceveloped  a set  of  equations  which  preoicted  this  as  a 
function  of  temperature  and  the  overcharge  current.  So  if 
you  want  to  make  a modification  to  ydir  solstice  aging 
eouation  to  take  into  account  the  trickle  charge  current  you 
can  refer  back  to  that  paper. 

SENSES  I appreciate  it.  And  Hdlike  to  get 
together  v/ith  you  afterwards  and  you  can  tell  me  just 
exactly  where  I can  find  that.  I''d  eppreciate  that. 

MAUEERs  It-'s  about  the  19*/ 1 workshop. 

The  other  comment  is  that  this  mechanism  predicts 
that  the  nylon  degradation  reaction  continues  to  dominate 
ail  the  way  down  to  zero  degrees  or  so,  and  that's  not 
true.  The  15  kilocalorie  or  so  activation  energy  that  it 
has  is  perfectly  valid  above  room  tempereture.  But  when  you 
drop  below  room  temperature  another  mechanism  takes  over  and 
elves  you  shorter  lives  than  you  would  predict  from  the  15 
kilocrslorie  lives,  down  around  six  tc  eight  ikilocalories . 

SENSES  Ves. 

MAuREi^s  And  the  Crane  data  reflects  that. 

SENSES  I'm  not  saying  that  the  nylon  degradation 
is  a dominant  factor  at  all  down  near  zero  degrees. 

As  far  as  the  activation  energy  of  15  kilocalories 
is  concerned,  I'm  well  aware  of  the  fact  that  you've  workeo 
on  that  and  1 think  the  implication  there  is  that  you  go 
from  19.d  kilocalories  to  15  at  around  26  degrees  Celsius  or 
thereabouts.  So  there  would  be  a slight  change,  yes. 

EARGERUM  (Hughes )s  What  do  you  envision  as  the 
source  of  carbonate  at  the  low  temperatures?  If  you  have 
your  solid  at  five  degrees,  what  do  you  envision  your  source 
of  carbonate? 

SENSE*  Aell,  there  will  always  be  some  nylon 
degradation  going  on.  And  I think  most  of  the  time  these 
birds  ere  flown  at  — what?  — ten  degrees  C or  thereabouts. 

In  other  words,  the  generation  of  cerbonate  doesn't  come  to 
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en  abrupt  halt;  it  just  means  that  the  kinetics  are  such 
that  they  ere  very,  very  slow,  and  there  is  not  really  that 
much  carbonate  Generated. 

I'm  not  saying  that  there  isn't  any.  1 think  it 
will  be  small;  it  will  be  in  very  minute  quantities.  And, 
of  course,  if  it  is  present  in  very  minute  quantities  then 
of  course  you  don't  have  much  cadmium  migration.  And  this 
is  the  advantage  of  flying  at  very  lew  temperatures,  like 
zero  degrees . 


\ 
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GALILEO  BATTER'* 


L.  Marcoux 
Hughes 

loday  I had  to  make  a choice  between  the  two 
papers  I planned  to  present.  Because  I knew  that  the 
nickel-cadmium  community  probably  couldn't  tolerate  two 
battery  tirades  from  Marcoux  in  the  same  day,  I electeo  the 
one  that  I think  is  probably  going  to  be  of  most  interest  to 
this  group,  and  that  is  reporting  on  another  episode  in  that 
interplanetary  soap  opera  that  we  ce]l  the  Galileo  probe 
mission. 


We've  been  doing  this  for  some  four  years  end  it 
has  been  interesting  because  it's  a brand-new  technology 
which  we're  seeing,  reallv  stretched  to  its  limits  in  terms 
of  mission  time  and  performance  requirements.  The  last  year 
has  been  a fairly  exciting  one,  as  a matter  of  fact.  We 
began  by  celebrating  the  winter  solstice  with  a major 
vibration  failure  during  the  qualification  sequence  of  the 
second  five  modules  that  we  had  built. 

We  emphasize  on  that  chart  the  word  “recovery.'* 

In  a very  short  time  we  were  able  to  analyze  the  problem  and 
come  up  with  what  appears  to  be  a totally  unbreakable  cell 
and  battery  now,  and  have  been  able  to  move  on. 

As  part  of  the  rubber  mission  nature  of  Galileo, 
we  had  a series  of  mission  changes  which  in  turn  generated 
a change  in  what  we  felt  was  the  best  cell  for  the  mission, 
and  also  forced  us  to  repeat  our  electrical  simulation  of 
the  150-day  coast  and  descent.  We  spoke  about  that  to  some 
extent  last  year  on  two  tests.  This  will  be  the  fourth  test 
in  that  series,  and  it  is  interesting  because  it  is  a real 
time  simulation  of  the  electrical  mission  for  the  last  150 
days . 

(Figure  20-1) 

Ihe  history  of  vibration  testing  in  Galileo  is 
spotty.  You'll  notice  this  chart  indicates  it's  a modern 
history.  Ihere  is  also  a Galileo  vibration  history  testing 
chart  which  is  the  ancient  history,  and  that  involved 
something  like  three  levels  of  embedoed  subcontractors.  Not 
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surprisinglyi  by  the  time  the  test  wes  actually  performed, 
it  v»as  performed  at  something  like  three  times  the 
Qualification  level,  and  obviously  everything  broke. 

Ihose  modules  were  replaced.  To  convince 
ourselves  there  wasn^t  a problem  we.cid  some  cell  testing.  I 
think  10  cells  is  Quite  a bit  of  cell  testing.  It  turns  out 
it  really  wasn't  enough. 

We  took  our  five  prototype  modules  throuoh  the 
acceptance  level  test  with  no  difficulty,  as  you  can  see. 

We  roared  on  through  the  sine  sequence  with  no  difficulties, 
but  when  we  reached  the  Y axis  random,  all  hell  broke 
loose  and  we  actually  broke  a cell , or  it  was  olear  that 
a cell  had  opened  and  that  it  was  going  to  be  necessary 
to  tear  the  whole  thing  down  and  really  see  what  the 
problem  was  and  start  from  scratch. 

In  so  doing  we — I shouldn't  say  "we,"  Honeywell. 
This  work  was  performed  by  Honeywell.  The  design  is  their 
work.  I'm  talking  about  it  today  because  what  we're  talking 
about  is  more  mission-oriented  rather  than  cell  technology- 
oriented.  ^ 


But  Honeywell,  in  the  course  of  the  module 
dissection,  discovered  that  their  module  design  was  all 
right  but  they  thought  they  could  make  it  _a  lot  better.  Bo 
we  also  took  advantage  of  this  chance  to  redesign,  also  to 
redesign  the  module.  We  came  up  with  I think  what  is  a 
vastly  superior  module  design  to  the  one  we  were  operating 
with. 

We  then  carried  cells  through  heavy  overvibration 
and  passed  the  module  through  standard  qual.  vibration  and 
passed. 


(Figure  20-2) 

Not  surprisingly,  the  place  that  the  failure 
occurred  was  on  the  anode  tab  at  the  dotted  line.  It  turns 
out  that  we  were  apparently  way  out  on  the  wings  on  the 
distribution  when  that  happened  because  prior  to  this  test 
we  had  probably  tested  30  or  40  cells  in  the  same  vibration 
regime  and  not 
encountered  a failure. 
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What  it  appears  is  if  that  operator  crimps  that 
tab  just  a little  bit  when  they  insert  it  in  the  cell,  which 
happens  now  and  then,  you  introduce  a stress  point  and  in 
vibration  of  the  Y axis,  which  is  the  long  axis  of  the  cell, 
you  will  encounter  failure.  That's  exactly  what  happened. 

(Figure  20-3) 

To  understand  which  cell  it  was,  it  was  Cell 
Number  5,  which  is  in  the  middle  of  the  module.  Of  course 
we  are  seeing  a greater  amplification  factor  there.  That's 
not  an  excuse  because  the  vibration  levels  we're  testing  to 
ere  those  calculated  for  the  bracket  input  to  the  modules. 

So  indeed,  the  levels  that  it  saw  in  the  tests  are  the  same 
levels  that  it  would  see  in  a mission. 

The  cross-section  of  the  module  that  we  were  using 
at  that  time  is  fairly  interesting.  You  can  see  it's 
extremely  complex.  The  major  features  are,  the  cells  fit  in 
on  c series  of  offsets?  those  offsets  are  necessary  to 
permit  the  cell  vents  to  operate  in  the  event  of  a short 
circuit. 


Vou  can  see  the  next  layer  above,  a rubber  pad. 

And  the  offset  is  epoxy  foam  and  then  finally  a hard  potting 
material  cast  on  top. 

Gur  dissection  of  the  module  wasn't  conclusive 
that  the  cells  had  been  mobile,  but  there  was  some 
indication  that  the  cells  were  slightly  mobile  in  that 
conf icurat ion.  We  decided  we  would  be  much  happier  with  a 
fully  rigid  configuration,  so  we  changed  the  module  design 
end  beefed  up  that  cell  tab. 

(Figure  20-4) 

As  you  can  see,  we  went  from  .2  Inch  to  tab  to  .6 
inch,  and  from  a 3-mil  nickel  strip  to  a 5-mil  nickel 
strip.  The  increase  in  width  you  see  allowed  us  to  get  a 
little  bit  of  radiusing  in  it,  which  gave  us  some  additional 
strength. 


We  also  anticipated  the  next  failure  mode,  which 
would  be'  the  tearing  away  of  the  tab  from  the  nickel,  and  we 
included  in  the  new  design  a nickel  grid.  We  wanted  to  do 
that  anyway.  There  are  certain  advantages  to  that  from  the 
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standpoint  of  capacity  because  one  of  the  modules — The 
battery  consists  of  three  batteries.  Two  modules  are 
dedicated  to  the  final  48  minutes  of  the  mission.  One 
module  has  to  operate  a timer  at  a fairly  low  pulse  current 
for  1 bO  days  prior  to  the  actual  entry. 

The  coast  timer  module  is  badly  depleted  by  the 
time  it  enters  the  Jovian  environment.  If  we  didn't  have 
the  grid  we  wouldn't  be  able  to  take  advantage  of  all  of  its 
capacity  because  we  would  have  used  up  enough  lithium  that 
we'd  have  a lithium  lacework  anode. 

Consequently,  that  was  something  we  wanted  to  do 
anyway  and  something  we  felt  also  strengthened  the  cell. 

(Figure  20-5) 

The  module  change  that  Honeywell  recommended  was  a 
vast  simplification  of  the  existing  design.  We  didn't 
change  the  case  configuration  or  anything  like  that  but  we 
changed  the  potting  arrangement. 

The  clever  thing  that  they  did  was  they  eliminated 
all  of  the  small  offset  pieces  that  required  bonding  to  the 
module  case  and  opted  instead  to  cast  a 13-cell  block. 

Now  that  line  halfway  up  indicates  the  level  to 
which  the  cells  are  potted.  That  cell  block  is  then  dropped 
into  the  module  case.  The  electrical  connections  to  the 
flexible  printed  circuit  board  can  then  be  made  with 
captured  cells  instead  of  cells  that  are  sitting  up  wobbling 
on  these  offsets,  so  it  gave  us  a great  deal  more  control  in 
the  fabrication  of  the  modules. 

Under  ordinary  circumstances  that  wouldn't  be  too 
terribly  important  because  in  a conventional  battery  you'll 
perhaps  build  six  packs,  nine  packs,  something  like  that, 
but  because  this  is  a primary  we  have  to  build  something 
like  a hundred  modules  to  see  us  through  systems  tests  and 
all  those  other  test  sequences. 

So  we  need  a degree  of  confidence  in  our 
f abricability  here,  and  this  change  allowed  us  to  accomplish 
that.  I think  you  can  probably  see  it  much  more  rapidly  in 
these  pictures. 
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(Slide.  Not  available) 


This  is  a photograph  of  the  mold  that's  used  to 
form  the  cell  block. 

(Slide.  Not  available) 

Here  is  a picture  of  the  cell  block,  indicating 
vvhat  it  looks  like  before  it's  dropped  into  the  module.  You 
can  see  the  vent  areas  are  open,  allowing  the  cells  to  vent. 

(Slide.  Not  available) 

We  can  then  drop  the  module  block  into  the  case 
itself,  bring  the  flexible  PC  boards  .over,  do  a final 
potting  with  the  same  rigid  die-cast  material,  and  then 
button  the  module  up  and  it's  finished. 

We've  built  five  of  those  modules  now..  In  fact, 
we're  embarking  on  a build  of  some  40  or  50  of  them,  but 
we've  completed  five  and  carried  them  through  the 
qualification  level  vibration  with  no  difficulties 
whatsoever. 


(Figure  20-6) 

We  have  also  taken  one  module  and  carried  it 
through  the  entry  deceleration  loading  which  in  this 
particular  mission  is  appreciable.  The  qualification  level 
is  ramped  up  to  425g's  and  then  backed  off  and  sustained  at 
300g's  for  something  like  two  or  three  minutes,  so  it's  a 
fairly  stiff  environment  as  a matter  of  fact. 

We  also  felt  that  we  needed  to  define,  at  least  on 
the  cell  level,  the  level  at  which  failure  occurred,  so  we 
went  into  severe  overvibration.  That's  one  five-cell  group 
we  carried  through  J2  G(RMS)  for  40  minutes  which  is  ten 
times  the  qualification  time  period. 

On  the  same  cell  group  we  then  moved  on  up  to  18 
G(RMS),  and  finally  to  27  G(RMS),  and  at  no  time  in  those 
120  minutes  did  we  encounter  any  open  circuit  anomolies  or 
anything  like  that.  The  cells  are  virtually  unbreakable. 

We  repeated  at  the  27  G(RMS)  Just  to  give  us 
another  degree  of  confidence. 
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So  based  on  those  results  ve  think  the  vibration 
failure  is  behind  us.  We  also  think  that  anyone  using 
lithium-SD2  cells  in  the  aerospace  ervircnment  has  probably 
learned  something  because  shortly  after  our  difficulties, 
problems  were  encounted  with  the  battery  for  the 
instrumented  test  vehicle  and  the  same  fixes  were  used  and 
are  apparently  going  to  be  equaJly  effective. 

(Figure  20-7) 

The  most  exciting  thing  that  happened  was  the 
decision  early  in  the  year  not  to  have  the  probe  carried  on 
its  own  individual  spacecraft  but,  rather,  to  return  it  as 
the  original  configuration,  add  it  to  the  orbiter  that  was 
being  built  by  JPL,  and  the  ramifications  of  that  chance 
from  a dual  launch  to  a single  launch  were  as  follows* 

Ihe  launch  was  delayed  from  '84  to  '85; 

The  coast  period  which  had  been  dropped  back  to 
100  days,  which  had  given  us  a great  deal  of  confidence  and 
a greet  deal  of  extra  capacity  — 1 -think  you'll  remember  me 
standing  here  with  a silly  grin  on  rnv  face:  last  year  because 
we'd  done  electrical  simulations  and  shown  we  had  something 
like  30,  35,  40  minutes  of  margin  in  our  design.  That  stole 
all  of  that  away  from  us. 

Finally,  the  interface  temperature  between  the 
orbiter  and  the  probe  was  some  20  decrees  higher  than 
originally  anticipated  for  the  probe/probe  carrier 
configuration,  and  now  ail  of  a sudden  this  corrosion 
business,  which  I'd  always  been  able  to  laugh  off  and  say 
Aha,  we're  flying  at  zero  degrees  C. ♦ we  don't  have  a 
problem,  is  not  yet  a problem  but  it's  moving  us  into  a 
dangerously  iffy  region. 

We  fly  now  somewhere  between  20  and  25  C.  and  we 
have  to  do  that  for  a period  of  from  three  to  five  years. 

□ur  trajectory  is  still  slightly  uncertain,  so  we're 
starting  to  worry  more  about  corrosion,  shelf -life-type 
effects  than  we  had  in  the  past. 

(Figure  20-8) 

We  had,  very  wisely  I think,  a year  and  a half  ago 
built  400  cells  which  we  called  the  alternate  cells,  which" 
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were  s compromise  between  bam  Levy's  state-of-the-art  cells 
end  what  we  thought  we  could  conserveti vely  incorporate  into 
a spacecraft  battery  and  not  raise  too  many  eyebrows  at 
NASA/ Ames. 


You  can  see  the  top  line  indicates  our  original 
baseline  cell  which  was  1978  state-of-the-art  lithium-SG2 
technology.  Sandia,  and  Sandia  in  conjunction  with 
Honeywell,  and  Mallory  carried  out  several  studies  on 
increasing  shelf  life  and  increasing  low  rote  oerformance, 
end  the  upshot  of  that  were  several  component  chances. 

As  well  as  those  component  changes,  people  not 
much  smarter  about  how  to  assemble  cells,  and  there  were 
many  process  changes.  So  our  present  cell  that  we  believe 
is  tfie  cell  we'll  fly,  in  that  final  cell  you  can  see  the 
major  changes  in  terms  of  components  are* 

iNe  have  now  added  an  anode  grid  which  we  thin><  is 
extremely  important; 

We  have  changed  from  the  glass  seal  company  blue 
glass,  which  has  some  number  that  is  onl.y  used  during  formal 
occasions,  and  I don't  think  this  is  formal  enough  to  dran 
it  out,  to  the  Fusite  lOfa  which  is  a much  more 
thermodynamically  stable  glass. 

Finally,  we've  changed  the  electrolyte 
concentration.  We  reduced  the  lithium  bromide  concentration 
end  that  has  serious  ramifications  in  terms  of  shelf  life. 

So  I'd  like  to  talk  in  a little  more  detail  about  the  glass 
seal  change,  and  about  the  electrolyte  change. 

(Figure  20-9) 

The  cell  degradation  has  r«ally  two  sorts  of 
effects.  One  is  the  glass  seal  effect  and  the  other  is  the 
combination  of  those  last  three  shown  on  the  chart,  namely 
electrolyte  degradation  generates  products  that  undoubtedly 
facilitate  tantalum  corrosion  and  also  facilitate 
self -discharge . So  if  we  cover  the  glass  seal  we  cover  the 
electrolyte  change,  and  I think  we've  covered  the  major 
shell  life  effects. 

(Figure  20-10) 
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I think  the  conference  was  the  first  place  this 
business  vas  openly  discussed.  Chuck  Bennett  from  GE 
started  talking  about  glass  seal  corrosion  and  everyone 
became  concerned  with  it. 

That's  a horror  picture  of  what  a corroded  old 
blue  glass  seal  looks  like.  The  only  reason  I keep  that 
around  is  when  interest  starts  to  wane  on  funding  for 
corrosion  testing,  I bring  that  picture  out  and  NASA  becomes 
much  more  interested  in  corrosion  testing. 

(Figure  20-11) 

The  probable  cause  of  that,  Sam  Levy  feels,  and  I 
think  most  of  the  community  agrees  wjth  him,  is  an 
underpotential  deposition  of  lithium  on  the  glass  that  leads 
to  reactions  with  the  glass  to  either  cause  the  class  to 
chance  volume  and  deteriorate  because  it's  in  compression  or 
form  a conductive  film  across  the  surface  of  the  glass,  so 
we  either  have  self-discharge  or  rupture.  In  either  case, 
neither  is  too  desirable. 

There  are  three  approaches  to  solving  this.  The 
first  would  have  been  to  use  a polymeric  coating,  end  that 
was  a popular  approach,  two  or  three  years  ago.  In  the 
Galileo  orogram  that  approach  v/as  re'Jected  because  we  felt 
coming’ up  with  material  compatibility  for  four  to  five  years 
using  polymers  was  going  to  be  something  that  we'd  have  to 
00  too  much  real  time  testing  to  get  meaningful  results. 

A'e  felt  a more  straightf drvard  approach  was  a 
band-aid  approach  that  used  a mechanical  coverup.  In  the 
past  year's  testing  we  found  out  that  the  band-aid  was  not 
that  effective  and  as  a matter  of  fact,  we  would  be  better 
off  using  a more  thermodynamically  stable  glass. 

(Figure  20-12) 

The  configuration  that  you've  probably  seen  in 
connection  with  the  Galileo  program  is  that  configuration  in 
which  the  tantalum  pin  is  surrounded  by  a polypropylene 
washer  and  then  a tantalum  washer  is  forced  down  on  top  of 
that.  It's  not  truly  a hermetic  seal.  In  fact,  you  can 
measure  glass  seal  degradation  by  the  amount  of  hydrogen 
evolved  by  a standard  seal  sample  saying,  you  know,  whatever 
happens,  a reductant  is  formed  and  the  amount  of  that 
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reductant  reflects  the  extent  of  corrosion.  And  if  you  do 
that  you  get  a fairly  interesting  result. 

(Figure  20-13) 

You  can  see  the  top  line  indicates  the  volume  of 
hydrogen  evolved  versus  storage  time,  at  a very  high 
temperature,  by  the  way. 

You  can  see  the  second  line  reflects  the  results 
that  you  obtained  with  the  tantalum  washer  coverup,  and  you 
can  see  that  initially  the  tantalum  precludes  the 
electrolyte  solution  from  coming  into  contact  with  the 
glass.  But  ultimately  it  is  not  a hermetic  seal;  it  leaks. 

Once  sufficient  material  has  leaked  in,  the 
decomposition  rate  is  essentially  the  same  as  that  of  the 
unprotected  glass.  And  every  cell  that  we  opened  up  in  the 
course  of  this  work  that  was  more  then  six  months  old  and 
had  this  glass  coverup  had  decomposition  products  on  the 
surface  of  the  glass. 

You  can  see  the  more  thermodynamically  stable 
glass  had  much, much  better  performance  even  at  that  elevated 
temperature.  And  it  is  based  on  those  results  that  we 
elected  to  change  to  Fusite  108. 

(Figure  20-14) 

The  lithium  bromide  concentration  question  is  an 
interesting  one.  Early  cells,  when  placed  on  high 
temperature  storage,  would  initially  indicate  an  increase  in 
open  circuit  voltage  from  3,  up  to  3.5,  3.6,  and  ultimately 
then  they  would  open  circuit. 

Fairly  clearly  what's  happening,  based  on  two  or 
three  other  sources  of  evidence,  is  that  S02  is  reactino 
with  the  bromide  forming  bromine.  The  bromine  is  attacking 
the  tantalum  weld.  This  is  work  that  Sam  Levy  has  presented 
here  and  other  places  that  I think  has  borne  out 
experimentally  pretty  clearly  and  pretty  carefuJly  that 
that's  the  case. 

Furthermore,  that  bromine  can  also  increase  the 
self-discharge  rate  by  reacting  with  lithium.  ’Ahat  you  see 
then  is  at  3.5,  3.6  open  circuit  voltage,  is  the 


245 


lithium-bromine  couple.  When  the  corrosion  finally 
completes,  the  cell  opens  up  and  you  see  that  behavior. 

(Figure  20-15) 

If  you  compare  three  different  lithium-bromide 
concentrations,  the  results  are'  fair]y  interesting.  If  you 
look  at  a ratio  of  2.5,  which  is  an  extremely  nigh  ratio, 
you  can  see  that  the  open  circuit  voltage  increases  very 
rapidly,  and  then  the  cell  opens  in  something  like  25  or  30 
days . 

The  .8  percent  lithium-bromide  was  the  baseline 
Galileo  electrolyte  concentration.  You  can  see  there  was  a 
touch  of  a chemical  reaction  early  but  obviously  that  was 
just  a trace-impurity  sort  of  thing.  And  then  ultimately  at 
150  days  the  reaction  takes  off. 

Finally,  you  can  see  in  the  case  of  the  6.4  as 
you'll  note  the  error  on  the  chart,  the  6.4  percent 
lithium-bromide.  The  open  circuit  vcltace  is  essentially 
invariant  even  at  prolonged  times  et  rather  high 
temperatures. 

(Figure  20-16) 

You  can  see  the  same  effect  on  capacity.  There's 
the  8 percent  capacity  dropping  off,  again  at  160  deorees 
F. , whereas  at  6.4  percent  capacity,  the  decline  is  much 
less  rapid. 


So  based  on  those  cell  changes  we  thought  it  was 
necessary  to  repeat  our  simulated  battery  tests. ^ 

The  simulated  battery  test  doesn't  use  battery 
modules?  it  uses  13-cell  groups  taped  together,  wired 
exactly  as  they  would  be  in  the  battery  with  the  protective 
diodes  and  all  of  that,  and  configured  and  loaded  as  you 
would  with  the  battery. 

We've  done  several  of  these  tests.  The  mission  has 
changed.  We've  also  gotten  progressively  cleverer,  ana  our 
last  test  is  probably  the  best  simulation  that  we've  carried 
out  of  the  150-day  coast  timer  load. 

(Figure  20-17) 
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i/'ie  were  originally  simulating  simply  a steady 
state.  It's  a pulse  load.  We  ultimately  went  to  an 
artificial  pulse.  In  our  last  test  v^e  actually  built  up  a 
breadboard  of  the  coast  timer  and  carried  out  the  test  for 
the  150  days  with  a breadboard  simulating  the  flight 
instrumentation. 

We  also  have  grown  increasingly  wiser  about  what 
the  load  of  our  G-sv.'itch  bus  is,  and  whet  that  amounts  to  is 
that  the  redundancy  to  the  coast  timer  is  an  inertial  switch 
and  that  Inertial  switch  requires  some  28  microamps  at 
its  bus  during  the  150  days  of  coast.  So  that's  an 
additional  parasitic  load  that  ooes  cn  the  two  descent 
modules  because  earlier  testing  indicated  that  microamp  level 
loads  didn't  introducR  any  problem  in  terms  of  high  rate 
capacity  later  on  in  the  mission. 

So  you  can  see  we  have  matured  in  our  testino. 

We  have  also  had  to  go  back  to  150  days  because 
that  is  once  again  our  mission. 

(Figure  20-18) 

'Ihe  results  that  we  got  are  quite  encouraging. 

This  is  the  voltage  time  curve  for  the  simulated  battery 
test.  Those  initial  events  are  some  conditioning  pulses 
that  we  use.  We  found  it  necessary  to  drop  the  battery 
across  heater  resistors  for  something  like  ten  seconds  in 
oroer  to  remove  the  passivation  layer.  That  will  permit  us 
then  the  rate  capability  for  the  very  critical  relay  events 
early  in  the  mission. 

You  can  see  then  there's  some  pre-entry  science 
for  something  like  seven  hours.  A little  bit  of  more 
intense  science  begins  Just  before  entry,  and  then  when  you 
see  it  drop  down  at  entry,  that's  the  transmitter  turning  on 
and  it's  drawing  something  like  a 9-amp  load  from  the 
battery  and  that  amounts  to  3-1/2  to  4 amps  from  the  two 
dedicated  descent  modules,  and  whatever  the  other  module  can 
provide,  which  it  turns  out  in  this  last  test  was 
appreciable . 

The  blips,  their  voltage  is  critical.  Those  are 
pyrotechnic  events. 
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The  specified  mission  from  the  entry  point  of 
O.l-ber  pressure  is  48  minutes  past  that  point  that-'s 
inaicated  there  at  E plus  51  on  the  chart.  And  you  can  see 
our  final  cutoff  voltage  is  that  voltage  at  which  the 
transmitter  no  longer  functions,  27  volts,  and  you  can  see 
that  happens  at  E plus  66  minutes, 

(Figure  20-19) 

)"«e  are  contractually  required  to  provide  no  more  than  90 
percent  depth  of  discharae  at  end  of  mission,  and  this  is 
difficult  to  calculate  because  our  current  profile  is 
erratic  and  our  temperature  profile  coes  from  zero  to  60 
degrees  in  the  course  of  the  43  minutes. 

I think  the  best  definition  of  depth  of  discharae 
is  really  the  capacity  that  is  reouired  divided  bv  the 
capacity  that  you  observe  at  the  cutoff  voltage  of  27  volts, 
and  if  you  do  the  calculation  that  way  you'll  see  we're  well 
under  that  90  percent  depth  of  disharge  and  have  auite  a bit 
of  encouragement  that  we  have  a significant  margin. 

(Figure  20-20) 

You  can  also  look  at  that  margin  in  terms  of  time, 
and  you  can  see  in  our  most  recent  tests  that  margin  is  14,3 
minutes.  The  reason  we  compare  it  with  Test  Number  1 Is 
two-fold.  Test  Number  1 is  a comparable  test  because  it  was 
performed  with  a 150-day  coast.  It  flso  allows  us  to  sit 
back  and  see  how  clever  we  were  in  changing  our  cell  design 
because  those  ten  minutes  of  additional  margin  are  clearly 
due  entirely  to  the  changes  in  cell  cesign  that  we  carried 
out.  And  you  can  see  our  present  position  is  that  we're 
back  to  the  sorts  of  margin  we  were  talking  about  last  year, 
which  is  very  pleasant. 

(Figure  20-21) 

The  voltage  performance  for  those  pulses  isn't  too 
terribly  exciting.  We  have  a 16-volt  requirement.  You  can 
see  throughout  the  48  minutes  we  were  well  above  the  16 
volts. 

So  the  situation  now  is  our  only  real  concern  is 
life  testing.  We  are  about  to  embark  on  a major  life  test 
matrix,  some  600  cells  and  seven  years  with  five 
temperatures.  And  I think  with  that  done  we'll  be  able  to 
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proceed  with  the  sort  of  confidence  that  you  want  to  when 
you  know  that  this  battery  is  the  soJe  power  supply  for  the 
entire  scientific  package. 

In  closing  I think  we  should  point  out  that  this 
afternoon  we-'re  going  to  hear  the  Sixth  Annual  Report  on 
Viking.  I don't  think  Viking  really  has  a chance  in  terms 
of  Annual  Reports  because  our  earliest  possible  planetary 
encounter  is  1988»  so  I think  you  should  bear  with  us  and  be 
assured  that  this  isn't  the  last  you're  going  to  hear  about 
the  Galileo  battery. 
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• EARLY  1980  • FIVE  PROTOTYPE  MODULES  REPLACED 

• JUL  1980  • TEN  CELLS  TESTED  TO  12.1  G (RMS)  RANDOM:  NO  FAILURES 

• DEC  1980  • PROTOTYPE  MODULE  VIBRATION  TESTS  RESUME 

• ACCEPTANCE  LEVEL  TESTS 

X-AXIS  RANDOM  - ALL  PASSED 

Y-AXIS  RANDOM  - ALL  PASSED 

Z-AXIS  RANDOM  - ALL  PASSED 

QUALIFICATION  LEVEL  TESTS 

X-AXIS  SINE  - ALL  PASSED 

Y-AXIS  SINE  > ALL  PASSED 

Z-AXIS  SINE  - ALL  PASSED 

X-AXfS  RANDOM  - ALL  PASSED 

Y-AXIS  RANDOM  - ONE  ANOMALY  (MODULE  012).  ONE  FAILURE 

(MODULE  008)  - TESTING  TERMINATED 

• JAN  1981  - CELL  AND  MODULE  REDESIGNED 

• MAR  1981  - PREPROTOTYPE  MODULE  PASSED  QUALIFICATION  LEVEL  TESTS 

• MAY  1981  - REINFORCED  ANODE  CELLS  SURVIVE  MASSIVE  OVERVIBRATION  TESTS 

• •JUN1981  - FIVE  PROTOTYPE  MODULES  PASS  QUALIFICATION  LEVEL  TESTS 


Figure  20-1 


Figure  20-2 


GALILEO  Li7S02  BATTERY  MODULE  DESIGN  DETAILS  I | '3Votv| 


Figure  20-3 


BASELINE  ANODE  DESIGN 


REVISED  ANODE  DESIGN 

Figure  20-4 
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• PROBE  RETURNED  TO  ORBITER 

• LAUNCH  DELAYED  FROM  1984  UNTIL  1985 

• COAST  PERIOD  EXTENDED  FROM  100  TO  150  DAYS 

• VEHICLE  TEMPERATURE  INCREASED  FROM  0°CT0~2 


uAULEO  U/SO2  CELL  EVOLUTION  1 

0\ililco 

3Volv 

CATHODE 

ODE 

FEEDT 

HRU 

ELECTROLYTE 

OESIQNATION 

DRYING 

TA  WELD 

ji.. 

GRID 

TAB,  IN. 

GLASS 

COVERUP 

CONCENTRATION.^ 

LOTI 

NO 

AIR 

NO 

0.2 

BLUE 

YES 

METAL 
NO  PREMIX 

8 

LOT  2 

NO 

AIR 

NO 

0.2 

BLUE 

YES 

METAL 
NO  PREMIX 

8 

SERIES  1 
(NEVER  BUILT) 

YES 

INERT  GAS 

NO 

(OLD  BA. 
0.2 

SELINE) 

BLUE 

YES 

METAL 
NO  PREMIX 

8 

SERIES  lA 

IPREPROTOTVPE 

MODULE) 

YES 

INERT  GAS 

YES 

0.6 

BLUE 

YES 

METAL 
NO  PREMIX 

8 

SERIES  II 

(400  ALTERNATE 

CELLS) 

YES 

INERT  GAS 

YES 

0.2 

FUSITE  108 

NO 

GLASS 

PREMIX 

8.4 

SERIES  IIA 

YES 

INERT  GAS 

YES 

(NEW  BASELINE) 

0.6  1 FUSITE  108 

NO 

GLASS 

PREMIX 

6.4 

Figure  20-8 


U/SOj  CELL  DEGRADATION  DURING  STORAGE 

RELEVANCE  TO  GALILEO  MISSION 


Figure  20-9 


• ALTHOUGH  DEGRADATIVE  EFFECTS  MOST  NOTICEABLE  AT  HIGHER  TEMPERATURES. 
THEY  UNDOUBTEDLY  TAKE  PLACE  AT  LOWER  TEMPERATURES  AS  WELL 

• DATA  BEING  DEVELOPED  WHICH  INDICATES  THAT  BELOW  25°C  THESE  EFFECTS 
WOULD  NOT  BE  MISSION  LIMITING 

• APPROACH  HAS  BEEN  TO  UTILIZE  HIGH  TEMPERATURE  ACCELERATED  TESTING  TO 
ESTABLISH  MOST  STABLE  COMPONENTS 

• SOURCES  OF  CELL  DEGRADATION: 


• GLASS  SEAL  DEGRADATION 

• ELECTROLYTE  DEGRADATION 

• Ta  CORROSION 

• SELF-DISCHARGE  CAPACITY  LOSSES 


GLASS  SEAL  DEGRADATION 


15X  APPEARANCE  OF  SEAL  DEGRADED  AT  160°F  (71.1“C) 


Figure  20-10 
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PROBABLE  CAUSE 

• UNDERPOTENTIAL  DEPOSITION  OF  LI  METAL  AT  GLASS/METAL/ELECTROLYTE 
INTERFACE,  FOLLOWED  BY  Li  METAL  REACTION  WITH  GLASS 

EFFECTS 

• CONDUCTIVE  FILM  GROWS  ACROSS  SEAL  FROM  OUTSIDE  TO  INSIDE,  LEADING 
TO  SELF-DISCHARGE  PATHWAY 

• Li  REACTIONS  WITH  GLASS  WEAKEN  COMPRESSION  SEAL,  LEADING  TO  RUPTURE 


REMEDIES 

• POLYMERIC  COATING  OF  GLASS REJECTED  FOR  GALILEO 

• MECHANICAL  COVER-UP  - INITIALLY  USED  FOR  GALILEO 

• MORE  THERMODYNAMICALLY  STABLE  GLASS  - PRESENTLY  USED  FOR  GALILEO 


Figure  20-11 

GLASS  SEAL  COVER-UP 

3^toIv 

• INITIALLY  REDUCED  SEAL  DEGRADATION 

• MOST  DISASSEMBLED  CELLS  REVEALED  ELECTROLYTE  PENETRATION 
TO  SEAL 

• AFTER  PENETRATION,  DEGRADATION  APPARENTLY  SAME  AS  FOR 
UNPROTECTED  SEAL 

REMEDY 

• USE  MORE  STABLE  GLASS  (FUSITE  108) 


Figure  20-12 


GLASS  SEAL  DEGRADATION 

COMPARISON  OF  APPROACHES 


1 

L 

ELECTROLYTE  STABILITY  AND  TA  CORROSION 


tfxjfilA'' 

3>iv>rv 


OBSERVATION -OCV 

• BEGINS  TO  INCREASE  WITH  STORAGE 

• ULTIMATELY  FALLS  TO  ZERO 

PROBABLE  CAUSE 

• INITIAL  REACTION  BETWEEN  SO^  AND  Br",  GENERATING  Bfj 

• OCV  CHARACTERISTIC  OF  Limt2  CELL 

• ELECTROLYTE  DEGRADATION  AND  CAPACITY  LOSS  DUE  TO  SELF-DISCHARGE 

• CORROSION  OF  T«  WELDS  WHICH  LEADS  TO  WELD  FAILURE 

• REDUCED  CAPACITY  DUE  TO  INCREASED  CONTACT  RESISTANCE 
REMEDY 

• REDUCE  LIBr  CONCENTRATION 

• REVISE  ELECTROLYTE  PROCESSING  TO  AVOID  OVERCONCENTRATIONS 
OF  SOj  WITH  LIBr 


Figure  20-13 


Figure  20-14 
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OPEN  CIRCUIT  VOLTAGE,  V 


ELECTROLYTE  STABILITY  VS  COMPOSITION 


1^ 


SIMULATED  BATTERY  TESTS 

TEST  SUMMARY 


TEST 

NO. 

COAST  PERIOD  LOAD  SIMUiATIOTi 

FIRST 

RELAY 

n 

PVRO 

PULSE 

T-OATT/ 

NMS.A 

TOTAL 

CELLS 

CELL 

TYPE 

DESCENT 

CAPACITY 

BUDGET, 

A'HR 

PROCEDURAL 

CAPACITY 

BUDGET, 

A*HR 

DURATION 

DAYS 

COAST  TIMER 

G>SVV|TCH 

BUS^A 

1 

150 

STEADY  STATE 
ONLY 

(RESISTIVE) 

0 

138 

7J5/4J 

39 

LOT 

1S.137 

16497 

2 

100 

STEADY  STATE 
PI.US 
PULSE 
(RESISTIVE) 

2 

B9 

7JS/4i 

38 

LOT 

1 

14S0S 

1S.7S 

9 

100 

STEADY  STATE 
PLUS 
PULSE 
(RESISTIVE) 

2 

S9 

7J5/4.2 

39 

LOT 

1 

14A0S 

13.7S 

4 

ISO 

COAST  TIMER 
BREADBOARD 

28 

7S 

6.3/2J 

39 

ALTER- 

NATE 

16470 

1S.S3 

CAPACITY  RETENTION 
VS  ELECTROLYTE  COMPOSITION 


Figure  20--16 


Figure  20-17 

SIMULATED  BATTERY  TEST  NO.  4 

VOLTAGE  PROFILE 

: HUGHES  1 

MAIN  B4JS 

lit 

0.nA  1UA  10.S3A  -*-lOADt 


Figure  20-18 
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SIMUUTED  BATTERY  TEST  NO.  4 

CAPAOTIES 


HUGHES  I 


MODULE  NO. 

CAPACITY,  A-HR  | 

AT 

0.1  BAR  T 48  MIN 

AT 

27.0  V 

1 

E.80 

6.97 

2 

5.86 

7.03 

3 

8.14 

8i68 

TOTAL 

18.80 

22.88 

■DEPTH  OF  DISCHARGE  - .XEQUIRXP  . i7.3% 

CUTOFF  CAPACITY  22.68 


Figure  20-19 


SIMULATED  BAHERY  TEST 

NO.  1 AND  4 COMPARED 


i HUGHES  I 


TEST  NO. 

BATTERY 
CAPACITY.  A-HR 

TIME  TO 
CUTOFF,  MIN 

MISSION 
MARGIN,  MIN 

1 

21.33 

5S.3 

4.0 

4 

22.68 

68.0 

14.3 

Figure  20-20 


SIMULATED  BAHERY  TEST  NO.  4 I r 

PULSE  RESPONSE  I 


PULSE 

NO. 

PULSE  AMP,  A 

PYRO 

BUS  REQ,  V 

MEASURED 
PULSE  MIN,  V 

1 

6.3 

16.0 

18.7 

2 

6.3 

16.0 

17.3 

3 

6.3 

16.0 

17.6 

4 

6.3 

16.0 

17.9 

S 

2.5 

16.0 

18.8 

6 

2.5 

16.0 

18.5 

7 

2.5 

16.0 

18.3 

8 

2.5 

16.0 

18.2 

9 

2.5 

16.0 

18.0 

10 

4.5 

17.3 

11 

2.5 

16.0 

17.6 

Figure  20-21 
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AN  IMPROVED  EQUATION  FOR  DISCHARGE  VOLTAGE 


P.  McDermott 
Coppin  State 

Let  me  give  you  a little  taeckground  information. 

About  four  years  ago  we  hao  tried  to  develop  some 
fit  equations  for  discharge  curves  in  oroer  to  provioe  some 
parameters  for  the  Crane  accelerated  test  regression 
equation.  We  had  initially  tried  e sort  of  standaro  fourth 
and  fifth  degree  polynomial  fit,  and  we  got  very  good  fits 
with  the  voltaoe  data,  but  when  we  took  those  parameters 
and  tried  to  put  them  into  the  large  regression  equation 
which  was  being  developed  for  the  Crane  data,  we  could  not 
get  real' high  correlations. 

So  a colleague  of  mine.  Dr.  Edward  Sommerfeldt , 
about  four  years  ago  began. to  develop  other  equations  which 
micht  represent  more  the  physical  end  the  chemical  nature  of 
the  battery,  and  therefore  try  to  map  the  coefficients,  the 
fifth  coefficients  better  with  the  degradation  of  the  cell. 
We  were  looking  for  coefficients  which  would  be  correlated 
either  linearly  or  non-linearly  somehow  with  cvcies  to 
failure  so  that  we  could  get  a prediction  out  of  it.  In 
other  words,  we-'d  look  at  the  voltage  discharge  curves  and 
we  would  try  to  predict  how  long  the  cell  would  last. 

This  equation  that  we  developed  was  a 
double-exponential  type  eouatlon  which  Kll  show  you  today. 

More  recently  I've  tried  to  refine  that  end  to  get 
a better  equation,  because  that  equation  didn't  fit  certain 
voltage  curves  as  well  as  I would  like.  So  I've  gone  back 
to  ■ — I sort  of  dropped  the  project  lor  a couple  of  years 
and  now  I'm  back  on  to  it,  both  for  using  this  for 
predicting  failure  but  also  to  use  it  for  a larger  model,  a 
larger  power  systems  model  so  that  the  battery  equation 
would  be  one  of  other  equations  to  model  the  whole  power 
system. 


And  the  utility  of  it  1 think  is  clear,  that  if 
you  can  get  an  equation  to  define  voltage  that  is 
temperature-dependent,  rate-dependent,  DOD-dependent  ano  so 
on,  you  can  then  use  it  in  an  operational  sense  if  you  are 
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going  to  change  the  current  on  a battery  and  you  wanted  to 
find  out  what  the  voltage  was  going  to  look  like  after  the 
current  changed,  or  if  you're  in  a spacecraft  and  you  had  a 
temperature  change  and  you  wanted  to  sort  of  map  that  it 
would  give  you  a good  way  of  doing  that  without  having  to 
load  a large  table  of  voltage  versus  temperature  values  into 
a computer. 

(Figure  21-1) 

Let  me  start  out  by  showing  the  equations  that  we 
have  worked  on. 

The  first  is  the  previous  version  which  shows  a 
Double  exponential  function.  This  term  is  a decreasing 
exponential  term  which  takes  care  of  the  first  drop  in  the 
voltage,  the  initial  drop  before  it  flattens  out.  This  term 
is  really  sort  of  the  terminal  droooff  of  the  voltage.  You 
can  see  as  X in  this  equation,  X is  amp-hours  or  charqe  out 
during  the  discharge.  That  is  suoposed  to  be  an  X/r  or  X-1 
to  be  really  the  capacity  of  the  celJ.  As  X aooroaches  X-1, 
this  term  becomes  very  large.  And  since  it's  a neaative 
term  then  the  voltage  value  drops  ofl  rather  quickly. 

but  this  didn't  fit  all  situations  as  well  as  I 
would  like.  So  I developed  really  in  an  empirical  sense  a 
new  term  for  this  middle  term  in  here.  Ihe  third  term 
remained  the  same  and  the  first  was  just  a constant.  And 
this  tern  had  a B/C-X  where  C now  is*a  capacity  term.  That 
is  as  X,  which  is  amp-hours  out,  approaches  the  capacity  of 
the  ceil,  then  the  denominator  begins  to  increase  rapidly. 
And  since  that's  a negative  term  then  it  drops  the  voltage 
off . 

So  the  non-linear  regression  that  we're  going  to 
oo  today  is  with  this  five  parameter  fit  equation.  Ano  1 
might  add  that  after  I found  this  equation  I found  that 
Shepherd  at  NRL  had  a similar  eouation  I think  published  in 
'65  where  in  his  coefficients  up  here,  B had  a current  term 
in  it  and  E up  here  also  had  a capacity  term. 

but  what  1 was  doino  was,  although  this  I think 
maps  the  physics  and  the  chemistry  of  the  cell  better  than 
this  equation,  I have  not  attributed  at  this  ooint  any 
variable-like  temperature  or  charae  cr  current  to  any  of 
these  coefficients.  But  what  I'll  attemot  to  do  once  I have 
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fit  a number  of  voltage  curves  is  to  then  take  A,  B,  C,  D 
and  E and  try  to  correlate  those  with  environmental  factors 
such  as  temperature,  depth  of  discharge,  rates  of  discharge, 
and  so  on. 


(Figure  21-2) 

Ihis  is  the  fit  of  a curve,  Just  to  indicate  what 
that  parameter  C does.  By  the  way,  these  cells  are  12 
ampere-hour  GE  cells  which  are  being  tested  out  at  JPL,  and 
1 think  Irv  Schulman  has  talked  about  these  or  will  talk 
about  these  during  the  conference. 

The  dropoff  here  shows  a droooff  down  to  between 
six  and  eight  ampere-hours.  Mow  this  is  a ! 2 ampere-hour 
cell,  but  it  has  in  a sense  memorized  a falloff  to  the  50 
percent  DOD  level.  So  50  percent  DOD  would  be  six 
ampere-hours  nominal.  So  this  is  tending  to  drop  off  a 
little  after  six. 

The  C factor,  which  is  what  I^'m  calling  the 
capacity  factor,  turns  out  to  be  7.1  here,  which  is  fairly 
reasonable  since  cells  after  cycling  for  many  thousands  of 
hours  — this  is  3200  cycles  — teno  to  crop  off  even  before 
their  nominal  capacity. 

(Figure  21-3) 

Now  this  shows  a fit  at  I COO  cycles.  VShat 
going  to  show  you  is  fits  at  1000  cycles  and  2000  cycles  and 
5200  cycles  to  show  you  the  progression  or  the  change  in 
characteristics  of  the  curve  and  then  the  change  of  the  fit 
parameters  with  those  changes. 

This,  of  course,  is  the  voltage  curve  in  here. 

Ihis  dotted  line  corresponds  to  the  curve  if  you  only  had  A, 
E and  C of  my  fit  equations.  Let  me  put  those  on  the  other 
vugraph  because  I'm  going  to  be  referring  to  them  throughout 
the  talk. 


In  other  words,  after  the  fit  if  you  had  only 
plotted  A,  B and  C and  left  off  the  DE/-EX  term,  you  would 
oet  the  dotted  line.  And  so  the  DE  exponential  term  would 
correspond  to  Just  this  area  up  here.  And  the  ABC  would 
correspond  to  aJl  this  area  under  here. 
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(Indicatinq. ) 

The  D coefficient  is  essentially  this  distance  in 
here  at  X eauals  zero. 

So  this  is  the  1000  cycles  20  degrees  Centigrade. 

(Figure  21-4) 

Here's  one  at  30  degrees  Centigrade?  a little  more 
curvature  here,  a rounding  off  towarc  the  higher  state  of 
charge  — or  state  of  discharge. 

(Figure  21-5) 

And  here  is  40  degrees?  a little  more  curvature 
out  here.  Now  to  fit  the  equation  it  helps  to  have  a little 
bit  of  curvature  down  in  this  area  to  incicate  that  we  are 
starting  to  arop  off,  because  that  C coefficient  is  fairly 
much  dependent  on  this  curvature  right  in  that  region. 

(Figure  21-6) 

Here  is  1000  cycles  later  at  2000  cycles.  We 
can  see  a little  more  dropoff  here  than  we  had  at  the 
previous  20-degree  slide. 

(Figure  21-7) 

As  we  get  higher  temperatures  v'e  have  higher 
dropoff,  and  finally  at  40  decrees  a pretty  severe  dronoff. 

(Figure  21-8) 

Also  this  tends  to  flatten  out  a little  bit  as  you 
get  this  severe  dropoff  toward  the  upper  region. 

(Figure  21-9) 

I would  like  to  now  show  a table  of  the 
coefficients  versus  different  temperatures  and  different 
cycles.  These  are  all  50  percent  DOD  cells.  So  we  have 
three  temoerature  levels,  20,  30,  40,  at  different  cycles, 
100,  500,  1000,  1500,  2000  and  3200.  Here  are  the  fit 
parameters.  A,  b,  C,  D and  E. 
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Now  we  notice  some  general  trends  here,  that  as 
you  increase  the  cycles,  A tends  to  drop,  a little  bit;  not 
much,  the  1.4,  1.5  region  down  to  1.2.  ^ou  see  I'm  trying 
to  get  some  sort  of  a feel  for  how  the  coefficients  are 
changino  as  the  cell  is  oegrading. 

Now  B is  probably  the  most  unstable  of  the 
coefficients.  You'll  notice  it  starts  .113  here.  All  the 
way  down  the  page  it  seems  to  have  a high  variability 
although  it's  tendino  to  drop  rather  rapidly;  .26,  .06,  and 
,so  on. 


C,  which  corresponds  to  whet  we're  talking  about, 
the  capacity  of  the  cell,  starts  out  at  100  cycles  being 
pretty  close  to  — except  for  this  one  --  being  pretty  close 
to  the  nominal  capacity  of  the  cej],  and  then  drops. 

Now  1 think  what's  happening  here  is  that  as  time 
goes  on  the  ceil  isn't  losing  that  much  capacity,  but  you  ■ 
are  starting  to  lose  that  apparent  capacity  as  the  cell 
"memorizes"  in  the  50  percent  DOD.  In  other  words,  it*s 
tencinc  to  tail  off  as  it  hits  6 ampere-hours,  which  would 
be  the  end  of  discharge. 

D is  fairly  stable  throuohcut.  In  other  words, 
throughout  temperature  and  cycles  it  remains  around  .1,  .12. 

Now  E,  which  is  really  the  curvature  of  the  early 
part  of  the  cell,  stays  somewhere  around  1. 

(Figure  21-10) 

I did  a correlation,  but  unfortunately  I don't 
have  one  on  the  slide.  A student  did  this  and  handed  it  to 
me  this  morning,  so  I wasn't  able  to  get  a slide  made  of 
it.  but  it  shows  that  there  is  some  correlation  in  the 
coefficients  with  cycles.  For  example,  A correlated  to 
cycles  is  .7,  actually  -.7.  C is  .7;  D also.  And  E is  .5, 
which  is  not  a real  high  correlation. 

In  terms  of  other,  however,  correlations  within 
the  coefficients  there  are  some  very  high  correlations.  For 
example,  A correlated  against  C is  .99,  and  b correlated 
against  C is  also  .99. 

bo  I think  what  this  indicates  is  that  if  there 
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are  internal  correlations  within  the  coefficients  themselves 
we  may  be  able  to  lower  the  number  of  fit  parameters  which 
would  help  in  terms  of  the  fit  itself,  lhat  is,  if  A is 
very  highly  correlated  with  one  of  the  other  parameters  we 
coulc  eliminate  A and  then  incorporate  that  into  the  other 
parameter. 


(Figure  21-11) 

Now  the  question  arose  as  to  whether  we  could  fit 
not  50  percent  DOD  discharges,  but  30  percent,  20  percent. 

In  other  words,  can  we  actually  get  a fit  when  you  don't  get 
the  rounding  off  of  that  last  portion  of  the  curve?  When 
Shepherd  did  all  of  his  work  he  needed  complete  total 
discharges  of  the  cell  in  order  to  fit  his  parameters,  but 
in  an  operational  sense  you  want  to  be  able  to  fit  a curve. 
If  you're  in  low  earth  orbit  and  you've  only  got  25  percent 
DOD,  you  want  to  be  able  to  try  to  fit  that  curve.  So  I did 
£ study  in  which  I took  a curve  which  had  a well  rounded 
knee  and  backed  off.  I dropped  off  cata  points  so  that.... 

(Figures  21-12  ana  21-13) 

This  is  a 1600  cycle  cell  at  20  percent.  We  have 
the  well  rounded  knee  down  here.  Anc  whet  I'm  doing  to  do 
is  crop  off  data  points,  so  that  I'm  essentially  approaching 
equivalently  less  depth  of  discharge.  So  I'm  ooing  to  try 
to  fit  this  curve  which  has  just  a slight  rounding  off 
there. 


(Figure  21-14) 

So  this  shows  the  effect  of  fit  parameters  of 
varying  the  number  of  data  points  entering  the  regression. 
Ihis  is  50  percent  DOD,  20  percent,  30  and  40. 

Parameter  A tends  to  remain  fairly  stable.  This 
is  as  you  get  really  effectively  lower  depth  of  discharge. 
B,  however.  Jumps  around  a bit.  C increases  here,  not  so 
much  down  here  at  40  degrees.  C actually  stays  pretty  much 
the  same.  C in  here  rises  a little  bit. 

( Indicating. ) 

Vou  can  understand  that?  as  you're  losing  sort  of 
a data  point  toward  the  end  and  have  less  roundina  off  it's 


262 


harder  to  define  that  area  where  C is  dropping  off.  D again 
is  fairly  stable  throughout,  1.1,  .12,  .10. 

So  I think  what  it  tells  me,  at  least,  is  some  of 
the  coefficients  are  fairly  stable  independent  of  depth  of 
discharge.  So  we  might  attempt  to  lock  those  in  at  that 
level  and  then  attempt  the  fit  again’.  Ihe  less  variables 
you  have  in  the  fit  the  more  control  you  have  over  it. 

(Figure  21-15) 

Now  I took  one  more  iteration  of  this  thing.  I 
backed  off  two  more  points  so  that  I had  barely  any 
curvature.  This  is  a computer  printout  so  1 have  to  explain 
it  a little  bit.  Parameter  A are  these  values,  every  other 
value.  Parameter  E here  are  the  values  with  the  little 
triangles  next  to  them.  And  3C  and  D are  shown  listed. 

Now  notice  the  residuals  over  here  for  the  various 
iterations  of  the  regression,  he  drop  off  rather  rapidly; 
by  the  third  iteration  or  fourth  we're  stabilizing  out  and 
just  dropping  really  very  slightly.  But  notice  there  are 
still  some  fairly  large  changes  in  some  of  the  parameters. 

C,  for  example,  creeps  from  eight  up  to  nine.  Parameter  D 
stays  fairly  stable,  B,  however,  is  the  renegade;  that  one 
keeps  moving  quite  a bit.  It  almost  doubles  here,  and  you 
have  very  little  change  in  the  residuals  out 
there. 


So  in  order  to  try  to  find  a way  of  becoming 
independent  of  the  latter  part  of  the  curve  and  try  to  fit 
Just  the  beginning  part  where  you're  initially  dropping  the 
voltage  off,  I tried  to  devise  another  equation  that  would 
be  a good  approximation,  if  not  the  same  equation,  and  I 
came  up  with  the  four-parameter  fit. 

Now  this  is  only  for  fitting  the  beginning  part  of 
the  curve,  not  the  latter  part  of  the  curve,  to  get  a good 
estimate  of  DOD,  If  we  can  get  a good  estimate  of  ODD  from 
the  initial  points,  then  we  can  lock  then  in  and  rerun  the 
regression  to  get  a better  fit  for  A,  B and  C. 

(Figure  21-16) 

This  underlying  portion  is  fairly  linear  during 
the  early  part.  And  so  what  we're  going  to  be  doing  is 
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fitting  Just  a line  equation,  A-MX,  against  this  declining 
exponential,  which  is  the  Dfc-EX.  So  the  four-parameter  fit 
is  really  — you^re  fitting  a line  plus  that  initial  dropoff 
factor. 

This  is  what  the  fit  looks  like.  .Mow  here  we're 
retting  extremely  close  fits  to  the  data  points.  You've 
noticed  on  some  of  the  previous  curves  they  were  good  fits, 
but  the  data  points  were  missing  a little  bit  on  various 
places. 


Here  we've  got  an  extremely  close  fit  to  the  first 
five  points. 

(Figure  21-17) 

When  1 do  this  at  different  temperatures  parameter 
e,  which  is  the  intercept  really  of  zero,  m is  the  slope  of 
the  straioht  line  and  D and  H are  the  parameters  in  the 
equation,  as  always,  we  find  a and  m are  fairly  stable  — 
This  is  2000  cycles  and  3000  cycles  *-  1.3,  1.3,  .02,  .0I9b, 
and  so  on. 


I think  we  have  some  pretty  good  confidence 
that  the  fit  of  D and  F.  here  is  very  close  to  what  we  want 
for  the  final  value. 

Ihis  is  the  point  that  we  tre  at  now  in  the 
program.  The  next  phase  is  to  actually  run  through  and  get 
a fit  of  D and  H and  then  go  lock  these  in  and  fit  A,  b eno 
C,  end  I think  we'll  have  much  higher  correlations.  Ihe 
ultimate  end,  of  course,  is  to  be  able  to  find  temperature 
dependence,  current  dependence  of  these  coefficients  and 
then  go  back  and  have  a generalized  equation  which  has 
temperature  and  depth  of  discharge  and  current  and  be  able 
to  predict  voltage  versus  cycles. 

Thank  you. 
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VOLTRGE 


EQUATIONS 


Previous  Version 


DISCHARGE  = A - BeC(Xf-x)  + oe-^x 
VOLTAGE 


Five  Parameter  Fit  (this  study) 

DISCHARGE  = A - + Oe-Ex 

VOLTAGE 


Four  Parameter  Mt  (this  study) 

DISCHARGE  = a - mx  + De-Ex 
VOLTAGE 


Figure  21-1 


fIMP  HRS 

FIVE  PARAMETER  DISCHARGE  VOLTAGE  FIT 


BMP  HRS 

FIVE  PARAMETER  DISCHARGE  VOLTAGE  FIT 


Figure  21-2 


Figure  21-3 
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Figure  21-4 


FIVE  PARAMETER  DISCHARGE  VOLTAGE  FIT 


Figure  21-5 
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FIVE  PARAMETER  OISCHARSE  VOLTAGE  FIT 


FIVE  PARAMETER  DISCHARGE  VOLTAGE  I^IT 


Figure  21-6 


Figure  21-7 
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FIVE  PARAMETER  DISCHARGE  VOLTAGE  FIT 

Figure  21-8 


TABLE  1» 

CORRELATION  MATRIX 

A 8 C 0 E ^ 

,036  .154  .023  -.593  -.391  Temp, 

-.709  -.623  7.712  .724  -.559  Cycles 

1 .971  .992  -.790  .866  A 

1 .965  -.831  .749  8 

1 -.770  .858  jC 

1 -.429  0 

i E 
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riT  PARAMETERS  FOR  SOt  DOO  CELLS  AT 
THREE  TEMP  LEVELS:  CYCLES  100-^3200 


SO 

$0 

so 


20 

30 

40 


100 

100 

100 


1.406 

1.446 

1.S44 


1.393 

1.957 

3.701 


12.150 

13.133 

15.711 


.1071 

.0918 

.0542 


1.74$ 

1.821 

1.795 


SO 

SO 

50 


20 

30 

40 


500 

500 

500 


1.401 

1.370 

1.262 


1.198 

.8391 

.1509 


10.978 

9.915 

6.647 


.1181 

.0995 

.1013 


1.828 

1.502 

.756 


SO 

SO 

so 


20 

30 

40 


1000 

1000 

1000 


1.344 

1.317 

1.286 


.5546 

.3611 

.2095 


8.826 

8.079 

7.213 


.1239 

.1113 

.1059 


1.592 

1.227 

.769 


50 

50 

SO 


20 

30 

40 


1500 

1500 

1500 


1.287 

1.295 

1.269 


.1891 

.1868 

.1341 


7.148 

6.806 

6.826 


.1403. 

.1159 

.1168 


1.188 

1.214 

.737 


SO 

SO 

SO 


20 

30 

40 


2000 

2000 

2000 


1.302 
1.252  ' 
1.260 


.2627 

.0665 

.0937 


7.445 

6.223 

6.361 


.1328 

.1287 

.1193 


1.252 

.760 

.726 


SO 

SO 


20 

30 


3200 

3200 


1.281 

1.263 


.1736 

.0937 


7.100 

6.388 


.1414 

.1313 


1.134 

.968 


Figure  21-9 
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FIVE  PARAMETER  DISCHARGE  VOLTAGE  FIT 
(All  14  data  points  Included) 


Figure  21-11 


VOLTAGE 


AMP  HRS 

FIVE  PARAMETER  DISCHARGE  VOLTAGE  FIT 

(Final  2 of  14  data  points  oniltted) 

Figure  21-12 
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FIVE  PARAMETER  DISCHARGE  VOLTAGE  FIT 

(Final  4 of  14  data  points  omlttad) 


Figure  21-13 


TABLE  2 


EFFECT  ON  FIT  PARAMETERS  OF  VARYING  THE  NUMBER 
OF  DATA  POINTS  ENTERING  THE  REGRESSION 
(50*  OOD;  20*C,  30*C,  40*C;  1600  CYCLES) 


TEMP 

NUMBER  OF  OATA^ 

14 

12 

10 

t 

POINTS  ENTERED 

POINTS 

POINTS 

POINTS 

PARAMETER  A 

1.27 

1.31 

1.36 

PARAMETER  B 

.14 

.33 

.74 

20*C 

PARAMETER  C 

6.90 

7.84 

9.48 

parameter  D 

.14 

.13 

.12 

PARAMETER  E 

1.06 

1.35 

1.59 

PARAMETER  A 

1.28 

1.26 

1.31 

PARAMETER  B 

.14 

.09 

.37 

30«C 

PARAMETER  C 

6.79 

6.50 

8.11 

PARAMETER  0 

•11 

.12 

.20 

PARAMETER  E 

1.05 

.86 

1.24 

PARAMETER  A 

1.30 

1.28 

PARAMETER  B 

.22 

.16 

40*C 

PARAMETER  C 

6.92 

6.79 

PARAMETER  0 

.10 

.11 

PARAMETER  E 

1.09 

.84 

Figure  21-14 
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voltrge: 


TABLE  3 


FIVE  PARAMETER  DISCHARGE  VOLTAGE  FIT 
(Final  6 of  14  data  points  omitted) 


TERMTION 

eSTIMRTED  PftRftMETER  VALUES 

S.S.RESI 

DUALS 

PARAMETER  A 

FARAMETER  B 

PARAMETER  C 

parameter  D 

e 

1.26080 

.09000 

G.SdOdS 

.12000 

i 

► .86000 

.8013435 

1 

1.28S24 

. 16345 

7.08472 

. 13559 

M.  12113 

‘ 

.0002768 

2 

1.29892 

.24364 

7.52828 

i 13420 

M. 21836 

.8001055 

3 

1.30906 

7.80184 

.13190 

►1.20748 

.0000444 

4 

i.dusd 

.35581 

8.01536 

.13024 

►1.33833 

.eeeeSRl 

S 

1.32234 

.39650 

s. lesPa 

. 12903 

►1.37553 

.0000276 

G 

1.32697 

.43069 

6.33208 

.12810 

►1.40393 

.0808252 

7 

1.33079 

.46042 

8.45214 

.12735 

►1.42653 

.8000236 

8 

1.33401 

.48612 

8.55438 

. 12674 

►1.44504 

.BBeeRRs 

9 

1.33677 

.50870 

8.64258 

. 12623 

►1.46053 

.0000219 

18 

1.33915 

.52870 

8.71948 

.12580 

►1.47372 

.0000213 

11 

1.34124 

.54654 

8.78710 

.12544 

►1.48507 

.0000209 

12 

1.3430$ 

.56255 

0.84701 

A 12512 

►1.49496 

.0000206 

13 

1.34471 

.57697 

8.90041 

.12484 

►1.50363 

.0008203 

14 

1.35164 

•63899 

9.13021 

.12363 

►1.53793 

.0800203 

IS 

1. 35854 

.70562 

..3Sd3t 

.12258 

►1.57214 

.0800199 

t« 

1.36128 

.73435 

9.45217 

. 12223 

►1.58614 

.1088192 

1? 

1.36209 

.74278 

9.47901 

. IR2IB 

►1.59047 

rdeBdlPl 

a FARAMETER  E 

Figure  21-15 


AMP  HRS 


FOUR  PARAMETER  DISCHARGE  VOLTAGE  FIT 
(Includes  only  the  5 InltUl  data  points) 


Figure, 21-16 


TABLE  4 


FOUR  PARAMETER  FIT  OF  VOLTAGE  BISCHARGE 
CURVES  AT  2000  and  3200  CYCLES  (SOX  000) 


TEMP 

TIME  ON  TEST 

2000 

CYCLES 

3200 

CYCLES 

PARAMETER  a 

1.310 

1.310 

PARAMETER  m 

.0215 

.0226 

20«C 

PARAMETER  0 

.0936 

.0994 

PARAMETER  E 

1.990 

2.239 

PARAMETER  a 

1.306 

1.300 

PARAMETER  m 

.0206 

.0198 

30‘C 

PARAMETER  D 

.0787 

.0852 

PARAMETER  E 

1.883 

1.732 

PARAMETER  a 

1.282 

1.293 

PARAMETER  m 

.0134 

.0164 

40*C 

PARAMETER  D 

.0860 

.0836 

PARAMETER  E 

1.025 

1.334 

Figure  21-17 
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NiCd  CELL  REVERSALS  DURING  RECONDITIONING 
W.  Hwang 
Aerospace  Corp« 

I-'d  like  to  describe  to  you  today  the  results  of 
some  ground  tests  that  we've  been  doing  where  we  have  had  15 
reconditioning  cycles  on  a battery.  Some  of  you  have  heard 
partial  results  from  this  at  the  last  lECEC.  We'll  give  you 
a look  at  some  of  the  rest  of  the  oata  today. 

The  battery  that  we're  using  is  a 15  amp-hour 
rated  G.E.  battery  used  in  the  GPS  program.  At  the  beginning 
of  our  20-month  test  it  had  an  activation  life  of  54  months. 

(Figure  22-1) 

Deep  discharge  reconditioning  is  being  consioered, 
so  one  of  the  questions  that  came  up  was,  well,  what  happens 
if  you're  going  to  reverse  some  of  the  cells  and  what 
happens  to  hydrogen  production.  So  we're  interested  in 
taking  a look  to  see  if  you  produce  hydrogen,  how  much  of  it 
is  produced  and  what  happens  to  it  later.  What  about 
hydrogen  removal?  and  we  wanted  to  take  a look  to  see  if  v/e 
can  see  any  differences  in  performances  due  to  these 
reversals  during  reconditioning. 

(Figure  22-2) 

We  selected  four  of  the  16  cells  out  of  this 
battery.  We  fitted  them  with  pressure  transducers  and  those 
were  the  four  cells  that  we've  reversed.  We  also  took  some 
pains  to  try  to  prepare  the  cells  and  the  battery  in  a 
standard  state  before  and  after  each  one  of  these  reversal 
reconditioning  cycles.  The  ne)^t  vugraph  will  tell  you  a 
little  bit  more  about  that. 

After  we  prepared  the  stancard  state  we  charged  it 
back  up.  Then  we  removed  capacity  out  of  the  four  selected 
cells.  Then  we  start  reversing  them,  either  at  C/100  or  the 
C/300  rate.  We  take  a look  at  the  pressure  and  watch  the 
hydrogen  buildup.  Also  after  the  re\ersal  period  we  open 
circuit  the  battery  and  take  a look  at  the  hydrogen 
disappearance  upon  open  circuit. 
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On  two  of  the  reversal  periods  we  also  took  a look 
at  the  impedance  of  the  four  cells  that  go  into  reversal. 
We-f're  interested  in  impedance  at  low  frequencies.  We're 
looking  at  the  range  of  one  hertz  to  about  10  to  the  4th 
hertz,  and  this  is  the  region  where  we've  noticed  changes  in 
impedance  due  to  electrochemical  processes  actually  in  the 
cell.  We  used  a little  different  technique  than  what  was 
described  this  morning.  We  have  a small  perturbation 
technique.  ,We  have  essentially  a constant  current  discharge 
over  short  periods  of  time.  You  have  a small  step  function 
in  that  constant  current  and  you  watch  the  voltage  response 
to  that  perturbation. 

(Figure  22-3) 

This  is  the  standard  procedure  that  I just 
mentioned.  We  go  through  the  cycling  procedure  which 
includes  individual  cell  reconditioning.  This  lasts  at 
least  24  hours  and  sometimes  longer.  We  repeat  these  cycles 
until  we  get  the  capacities  to  agree  fairly  well. 

On  our  reversal  procedure,  after  we  get  the 
standard  state  we  charge  it  back  up.  We'll  remove  anywhere 
from  one  to  seven  amp-hours  capacities  from  those  four 
cells,  and  then  we  start  the  reconditioning  discharge.  In 
order  to  speed  the  tests  up  we  do  a power  discharge' first 
until  the  lowest  cell,  which  happens  to  be  one  of  the  four 
we  took  the  capacity  out  of,  reaches  .9  volt.  Then  at  that 
point  we  switch  over  to  our  C/I 00  or  C/300  rate,  just  put  in 
a resistor  across  the  whole  battery,  and  we  continue  to 
monitor  until  one  of  the  other  12  cells  reaches  .9  volt. 

A quick  comment  on  why  we  used  .9  volt  here.  We 
found,  during  this  period  anyway,  that  when  our  lowest  cell 
reached  .9  volt  the  average  cell  voltage  was  about  l.I  volt 
and  we  wanted  to  stop  the  test  under  this  criterion. 

(Figure  22-4) 

This  is  the  typical  result  we  get.  This  is  a 
C/300  oischarge.  This  was  for  cell  number  one.  This  was 
our  third  reversal  cycle. 

Let  me  apologize  for  the  units  on  the  hydrogen 
pressure  here.  That's  kilopascals.  If  you  divide  these 
numbers  here  by  seven  you'll  get  the  pressure  in  psi.  In 
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other  words,  this  hydrogen  peak  right  around  here  is  around 
22  psi. 


If  you  take  a look  at  this  curve  there  are  about 
three  regions  that  you  can  discern  in  this  pressure  curve. 

Right  toward  the  beginning  here  there  is  an  induction  period 
where  there  is  very  little  hydrogen  production.  Then  there 
is  a hydrogen  production  region  where  the  hydrogen  pressure 
is  almost  linear.  Then  there  is  a third  region  which  we 
call  the  shorting  region,  in  this  case,  where  you  peak  in 
hydrogen  pressure  and  actually  you  start  decreasing  hydrogen 
pressure  here  slightly. 

You  take  a look  at  the  cell  voltages  at  this  time? 
typically  during  the  induction  period  you  see  a very  rapid 
decrease  in  voltage.  It's  sort  of  a spike  a great  deal  of 
the  time.  You  go  to  about  70  to  90  millivolts  negative.  In 
your  hydrogen  production  region  your  voltages  are  more 
stable.  You  usually  have  a gradual  decline  in  this  region. 

Then  in  the  shorting  region  where  the  pressure  tails  off  and 
actually  peaks  you  have  voltage  that's  consistent  with  formation 
of  internal  shorts  inside  the  cell.  This  is  this  slow  short 
formation.  What  you  see  is  that  the  voltage  rises  toward 
zero  gradually. 

(Figure  22-5) 

This  is  the  very  recent  aata  that  we  just 
completed,  our  15th  reversal.  So  this  is  fresh  out  of  the 
lab.  This  is  again  cell  one  at  the  C/300  rate  for  the  15th 
reversal.  This  is  the  impedance  data  that  we  have.  This  is 
the  resistive  component.  Let  me  make  a correction  here.  This, 
is  the  negative  of  the  reactive  component  on  this  axis.  So 
we're  actually  taking  a look  at  the  capacitive  plane  here. 

The  solid  line  is  the  spectra  that  we  get  at 
two-tenths  amp-hours  of  reversal.  And  you  really  don't  have 
much  of  a chance  to  form  a great  deal  of  this  internal  short 
yet.  After  four  and  a half  amp-hours  you  form  a relatively 
decent  short,  and  you'll  notice  the  large  qualitative 
difference  there. 

(Figure  22-6) 

These  are  the  peak  pressures  that  we've  reached  in 
cell  one.  In  our  first  reversal  cycle  we  actually  didn't 
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get  a peak  pressure.  At  that  time  we  only  took  one  amp-hour 
capacity  out  before  starting  the  test.  That  wasn-'t 
sufficient,  and  so  the  pressure  was  still  rising  at  that 
time.  There  was  no  shorting  behavior  on  the  first  one. 

We  got  a little  bit  wiser  after  that  and  we  took 
anywhere  from  three  to  seven  amp-hours  out  afterwards  on  the 
rest  of  these  tests.  And  on  the  second  reversal  cycle  here 
we  did  see  a peaking  in  hydrogen  pressure.  We  did  see  what 
we  considered  to  be  the  internal  shorting  behavior.  This 
corresponds  to  140  psi. 

A couple  of  things  to  note  here  is  that  at  your 
lower  rates,  if  you  take  a look  at  tests  two,  thr.ee  and 
four,  — the  lower  rates  give  you  lower  peak  pressures. 

Again  down  here  13,  14  and  15,  the  lower  rates  are  the  ones 
that  give  you  lower  peak  pressures. 

Another  thing  to  note  is  that  your  pressures  are 
much  higher  during  your  first  reversal.  This  is  the  first 
reversal,  It-'s  much  higher  here.  If  you  take  a look  at  a 
comparable  rate  ■ — this  is  actually  the  third,  fourth  and 
fifth  reversal  — these  are  lower  pressures.  And,  again, 
way  down  here  on  the  I4th  reversal,  again  a comparable  rate, 
low  pressures, 

You  can  see  this  trend  if  you  take  a look  at  the 

second  reversal.  This  is  C/300.  Here  it“'s  166.  Ana  then 
these  are  the  rest.  So  the  two  phenomena  we  have 
noticed  here  are  the  lower  peak  pressure  with  lower  rates 
and  also  that  as  you  have  more  reversals,  or  at  least  after 
the  first  few,  lower  peak  pressures  as  well. 

This  is  consistent  with  the  picture  that  what 
happens  is  when  you  form  these  internal  shorts  you  have 
a network  that  bridges  from  the  positive  to  the  negative 
electrode.  Fortunately  we-'ve  been  able  to  reverse  that 
process,  and  upon  recharge  all  the  shorts  have  been  broken 
each  time. 


Now  when  you  break  these  shorts  you  don^t 
necessarily  destroy  the  whole  netv/ork,  You-'ve  just  broken 
the  network  in  certain  parts  so  that  the  next  time  you  come 
around  into  reversal  you've  already  cot  a head  start  in  the 
short  formation.  So  what  you're  liable  to  have  is  lower 
pressures  here. 
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This  brings  up  one  of  the  questions  about  this 
picture,  however,  that  if  you  do  have  a partial  network 
remaining  will  that  contribute  to  the  formation  of  hard 
shorts.  And  that-'s  a question  that  v.e  really  don't  have  an 
answer  to. 


We  also  took  a look  at  the  hydrogen  pressures 
after  the  reversal  in  open  circuit  conditions.  We  found 
that  the  hydrogen  removal  was  first  order  in  hydrogen 
concentration.  Half-lives  are  on  the  order  of  4 to  14 
days.  There's  a reasonable  range  there. 

These  were  run  at  — all  this  data  and  most  of  the 
data  that  are  not  shown  — these  tests  were  run  at  ten 
degrees.  At  25  degrees  the  hydrogen  removal  rate  was  about 
a factor  of  two  higher  roughly.  You  could  calculate  an 
activation  energy  on  the  order  of  ten  cals.  That  activation 
energy  can  differ  from  one  type  of  cell  to  another,  by  the 
way. 

(Figure  22-7) 

This  is  the  peak  pressure.  It's  for  the  other 
three  cells  that  went  into  reversal.  The  same  type 
phenomena  on  test  number  one,  none  ol  these  shorted,  so  that 
none  of  these  actually  are  peak  pressures. 

On  test  number  two  we  actually  peaked  out  on  our 
pressure  transducer  here,  so  we're  not  sure  what  that  final 
pressure  v/as . It's  in  excess  of  100  psi. 

We  note  the  same  type  behavior  on  the  first 
reversal.  The  peak  pressure  is  fairly  high.  We  went  back 
to  the  C/I  00  rate  on  the  1 4th  reconditioning,  which  was  the 
13th  reversal,  and  the  pressures  are  much  lower  here. 

Again  the  C/300  rates  give  you  lower  peak 

pressures. 


One  thing  to  note  here  as  well  is  test  number  six. 

It  has  an  anomaly  here.  We  actually  have  higher  peak 
pressures  than  the  ones  before  and  afterwards.  We  had  a 
computer  malfunction  right  after  test  number  five  and 
just  before  test  number  six.  And  because  of  that 
r.ialf unction  we  feel  that  we  didn't  really  get  back  to  the 
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standard  state  that  we  talked  about  toward  the  beginning. 

Ihis  is  one  of  the  things  that  I would  like  to 
point  out  here,  that  if  you  actually  just  have  these  cells 
or  batteries  in  a somewhat  different  condition  these  numbers 
can  turn  out  to  be  different.  1 think  the  major  trends  and 
features  that  we-'ve  seen  we  don't  expect  to  change.  But  the 
immediate  history  of  the  cell  can  influence  the  actual 
pressures  that  you'll  have  here. 

(Figure  22-8) 

These  are  the  capacities.  We  started  out  with 
about  21 . That's  sort  of  what  we  wound  up  with.  This  was 
over  a 20-month  duration,  so  that  we  haven't  seen  any  loss 
in  capacities.  This  is  where  we  missed  the  data  from  the 
computer . 


The  other  thing  to  note  here  that's  not  in  the 
vugraph  is  that  on  each  one  of  these  — except  for  this  one 
where  we  don't  have  the  data  — aftei  about  three  or  four  of 
our  standard  cycles,  which  included  individual  cell 
reconditioning,  that  the  lowest  cell  was  not  one  of  the  ones 
that  was  reversed,  so  that,  you  know,  we  really  can't  tell  a 
difference  even  from  that  point  of  view. 

(Figure  22-9) 

What  we've  seen  is  that  at  rates  such  as  C/300  for 
these  cells  that  we  do  have  a limit  to  the  hydrogen 
production  because  of  the  short  formation,  and  we've  had  no 
problems  in  reversing  these  shorts.  Upon  recharge  the 
shorts  break.  In  fact  they'll  even  break  if  you  just  open 
circuit  it. 


For  instance,  after  the  I5th  reversal,  the  latest 
one  we  just  finished,  we  open  circuited  it  for  24  hours,  and 
at  the  end  of  24  hours  the  lowest  cell  reading  was  1.14 
volts. 

Our  tests  by  no  means  can  substitute  for  a real 
time  life  test.  But  during  these  20  months  we  have  seen  no 
degradation  in  performance  of  these  cells. 

Thank  you.  ) 
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DISCUSSION 


SEIGER  (Seiger  Associates)*  When  you  have  a 
pressure  rise  rate  can  you  compare  that  pressure  rise  to  the 
theoretical  current,  to  the  theoretical  rise? 

HWANG*  It's  about  70  or  bO  percent. 

SEIGER*  Does  it  change  any  as  you  keep  going 
along,  as  you  age  these  and  go  to  each  cycle,  each  reversal 
cycle? 


HWANG*  Wq  can't  tell  that  from  the  first  few 
reversals.  What  happens  is  toward  the  end  there  the 
pressure  rise  was  so  small  that  it  was  really  hard  to  come 
up  v/ith  a slope  on  that.  But  if  you  try  to  come  up  with  the 
linear  portion  of  the  curve  it  gets  to  be  less. 

PICKETT  (Hughes  Aircraft)*  Have  you  tried  any 
other  currents  other  than  the  C/lOO  and  C/300  that  you've 
indicated  there? 


HWANG*  No,  we  haven't.  The  C/300  is  what  was 
being  considered,  and  we  did  the  C/1 00  to  see  what  would 
happen  so  we  could  be  a little  -bit  on  the  conservative  side, 

PICKETT*  You  indicated  that  all  the  shorts  were 
reversible.  You  never  saw  a case  where  you  had  a short  that 
become  permanent,  is  that  right? 

HWANG*  That's  correct. 

HALL  (NOAA)*  You  mentioned  removing  capacity.  • 
Exactly  how  was  this  done?  I'm  not  lamiliar  with  the  term. 

Hwang*  Actually  there  were  some  sense  leads  from 
each  one  of  the  cells.  So  what  we  did  was  just  put  a 
resistor  across  the  sense  leads  related  to  each  one  of  the 
four  selected  cells, 

HALL*  Thank  you. 

BADCQCK  (Aerospace)*  Just  a comment  on  your 
Question,  Dave.  We  also  did  a standard  short  test  where  we 
shorted  ceils  for  I think  72  hours  and  then  allowed  them  to 
stand  open  circuit.  And  within  24  hcurs  the  voltages  were 
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ail  above  I . 1 5 volts 


HWANG*  They  were  actually  above  1.16. 

LUHIE  (TRW)*  Did  you  ever  take  any  of  these  cells 
end  reverse  them  for  longer  periods  cf  time  than  indicated 
to  watch  the  pressure  profile? 

HWANG*  Not  not  these.  Ihis  was  in  a battery 
configuration.  We  didn't  really  want  to  do  that.  We  have 
done  things  like  that  with  individual  cells,  but  not  this 
type. 

LURIE*  Would  you  comment  cn  the  fact  that  we  have 
seen  curves  where  the  pressure  peaked  but  then  came  down  and 
the  slope  down  approximated  the  slope  coming  up?  And  if  in 
fact  we're  looking  at  a mechanism  wherein  the  hydrogen 
generation  stops  or  is  reduced  because  of  shunting  of  the 
current,  how  do  you  explain  the  down  slope? 

HWANG*  Well,  I think  that  one  of  the  things  is 
that  if  you  take  a look  at  different  cells  I think  you'll 
have  different  slopes.  I don't  know  if  I can  come 
up  with  an  explanation  for  why  those  particular  results  were 
that  way.  I'rn  not  that  familiar  with  those  results. 

bADCOCK  (Aerospace)*  We  didn't  see  that.  Chuck. 
They  were  always  pretty  slow  coming  back  down.  Faster  with 
a short  circuit  or  — 1 don't  even-  know  whether  it's  short 
circuited  or  with  current  flow  than  open  circuit,  but  they 
were  considerably  slower  than  the  rate  with  which  they  rose 
st  all  times. 

RITTERMAN  (TRW)*  I brought  a vugraph  that  I'd 
like  to  show  which  is  part  of  a presentation  I gave  in  19,77 
regarding  the  effect  of  hydrogen  drop,  hydrogen  pressure 
drop  while  a cell  is  being  — while  a battery  is  being 
reconditioned.  So,  if  I may.  I'd  like  to  show  it. 

3AER*  Okay. 

(Figure  22-10) 

RITTERMAN*  This  was  described  in  1977.  We  used  a 
13  cell  battery  and  we  had  one  of  the  cells  predischarged, 
so  when  we  put  a shorting  resister  on  the  one  cell  went  into 
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reverse  and  we  monitored  pressure  anc  we  monitored  the 
overdischarge  current. 

And  as  you  can  see,  the  hydrogen  pressure  hit  a 
maximum  and  then  as  the  overdischarge  current  went  down  the 
pressure  started  to  drop.  And  there  was  nothing  but 
hydrogen  in  the  cell.  And  this  demonstrated  that  the 
hydrogen  recombination  obviously,  as  Chuck  pointed  out, 
pressure  drop  cannot  occur  due  to  a short.  So  there  was 
hydrogen  recombination  going  on.  Anc  I calculated  the 
hydrogen  recombination  current,  the  dotted  line  that's  shown 
over  there. 


And  this  occurreo  for  something  like  1 0 or  15 
seasons  that  we  repeated  this  phenomenon.  And  I have  other 
examples,  but  this  is  the  only  one  I have  here, 

H'/JANG*  Just  a reiteration*  v^e  haven't  really 
seen  that  phenomenon,  t^e've  also  done  some  tests  with  other 
cells,  not  necessarily  these,  where  ve  have  reasonably  good 
evicience  that  in  the  cells  that  we've  tested  there  is  really 
internal  shorting  occurring. 

HAFiKNESS  (Crane)*  One  question* 

We  have  reversed  cells  where  our  criteria  was  to 
discharge  at  the  discharge  rate  and  .they  were  20  ampere-hour 
cells  and  had  two  years'  life  on  them,  and  the  discharge 
rate  was  16  amps,  and  we  would  want  to  discharge  to  -1,5 
volts . 


Now  on  the  curves  you've  shown  and  the  one  that 
Paul  Just  showed  we  have  seen  both  types  of  curves.  But  in 
each  case  when  we  would  stop  the  discharge  whenever  we  would 
reach  our  criteria  we  woulo  never  have  a short  and  the  cell 
woulo  come  back  and  charge  again.  We  would  never  have  a 
hard  short. 


HWANG*  Well,  v/e've  never  seen  hard  shorts  either. 

HARKNESS*  But  we  have  seen  both  types  of  curves, 
the  one  Paul  showed  and  the  one  you  showed. 

HWANG*  I think  that  Just  shows  that  you  have  to 
be  a little  careful  about  applying  these  data  to  different 
type  cells. 
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LURIE  (TRW)s  Would  you  describe  the  negative 
electrode  in  the  cells  you're  testing? 

HWANG*  I'm  not  sure  I understand. 

LURIE*  Are  they  teflonated? 

HWANG*  Ihey're  not  teflonated^  they're  silver. 


! 
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Objectives 


Reversal  Tests 


PERFORM  ACCELERATED  BAHERY  TEST  WITH  15  PERIODS 
OF  CELL  REVERSALS  DURING  RECONDITIONING 


EXAMINE  NATURE  AND  EXTENT  OF  HYDROGEN  GENERATION 


DETERMINE  EFFECTS  OF  REVERSALS  ON  BATTERY  PERFORMANCE 


Figure  22-1 


• FOUR  OUT  OF  16  CELLS  SELECTED  FOR  REVERSAL  AND  FITTED 
WITH  PRESSURE  TRANSDUCERS 

• BAHERY  PREPARED  BY  STANDARD  PROCEDURE  BEFORE  AND  AFTER 
EACH  REVERSAL  PERIOD 

• PARTIAL  REMOVAL  OF  CAPACITY  FROM  4 SELECTED  CELLS 

• FOUR  CELLS  REVERSED  AT  C/100  OR  C/300  RATE 

• HYDROGEN  RECOMBINATION  DURING  OPEN  CIRCUIT  PERIOD 

• IMPEDANCE  MEASUREMENTS  ON  4 SELECTED  CELLS  DURING  TWO 
REVERSAL  PERIODS 


Figure  22-2 


Test  Procedures 

STANDARD  PREPARATION  PROCEDURE 
. • CYCLE:  C/10  CHARGE  FOR  16  HOURS 

C/700  TRICKLE  CHARGE  FOR  5 HOURS 

C/2  DISCHARGE  UNTIL  LOWEST  CELL  REACHED  0.9V 

CELL  RECONDITIONING  {1.312)  UNTIL  ALL  CELLS  <25  mV 

• REPEAT  CYCLES  UNTIL  C/2  CAPACITIES  AGREE  TO  <0.3  Ah 

REVERSAL  PROCEDURE: 

• C/10  CHARGE  FOR  16  HOURS 

• C/700  TRICKLE  CHARGE  FOR  5 HOURS 

• REMOVE  1-7  Ah  CAPACITY  FROM  4 SELECTED  CELLS  ONLY 

• C/2  BAHERY  DISCHARGE  UNTIL  LOWEST  CELL  REACHED  0.9V 

• BAHERY  RECONDITIONING  AT  C/100  OR  C/300  RATE  UNTIL  LOWEST  OF  12 
UNSELECTED  CELLS  REACHED  0.9V 


Figure  22-3 


-RELATIVE  COMPONENT  (D.) 


Peak  Hydrogen  Pressures,  Cell  1 


TEST  No. 

CURRENT 

PRESSURE  (kPa) 

1 

C/100 

>430 

2 

C/100 

1010 

3 

C/300 

156 

4 

C/100 

263 

5 

C/lOO 

203 

6 

C/100 

231 

7 

C/300 

34 

8 

C/300 

22 

9 

C/300 

42 

10 

C/300 

21 

11 

C/300 

23 

12 

C/30O 

48 

13 

C/300 

19 

14 

C/100 

89 

15 

C/300 

22 

Figure 

22-6 

Capacities  After  Reversals 

REVERSAL  No 

CHARGE  (Ah) 

DISCHARGE (Ah) 

BEFORE  I 

25.2 

21.0 

1 

25.2 

21.1 

2 

24.4 

20.7 

3 

24.8 

20.8 

4 

25.5 

21.2 

5 

N.R. 

N.R. 

6 

24.8 

21,1 

7 

26.1 

21.1 

8 

25.4 

21.2 

9 

24.9 

21.3 

10 

25.4 

21.3 

11 

25.6  . 

21.4 

12 

25.6 

21.2 

13 

25.3 

21.2 

14 

25.2 

21.2 

15 

25.2 

21.3 

Figure  22-8 


Peak  Hydrogen  Pressures,  Cells  5,12,14 


CELL  5 

CELL  12 

CELL  14 

PRESSURE 

PRESSURE 

PRESSURE 

TEST  No. 

'(kPa) 

IkPal 

IkPal 

1° 

>430 

>140 

>140 

2° 

762 

1140 

>710 

3 

178 

84 

114 

4 

45 

35 

42 

5 

25 

19 

58 

6 

160 

110 

147 

7 

65 

66 

86 

8 

24 

19 

29 

9 

46 

26 

38 

10 

27 

26 

25 

11 

23 

26 

24 

12 

41 

39 

30 

13 

12 

25 

20 

14“ 

27 

77 

49 

15 

23 

39 

22 

'c/lOO  rate,  all  others  at  Cl 300  rate 


Figure  22-7 


Conclusions 


• H2  pressure  during  low  rate  reconditioning 

LIMITED  BY  INTERNAL  SHORTS 


• SHORTS  WERE  REVERSIBLE  UPON  RECHARGE 


• NO  SHORT  TERM  DEGRADATION  IN  BATTERY  PERFORMANCE 


Figure  22-9 
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Figure  22-^10 
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ICC  AND 


□AO-C  END-OF-MISSION  POWER  SUBSYSTEM  ENGINEERING  EVALUATION 

M.  Tasevoli 
GSFC 


(Figure  23-1,  ) 

The  OAO  missions  starting  in  the  late  ^60s  and 
spanning  over  a ten-year  mission  life  were  highly 
successful.  The  power  systems  for  OAO-B  and  OAO-C  performed 
flawlessly,  ana  were  deactivated  after  more  than  five  and 
eight  years  of  mission  life. 

The  end-of -mi ssion  power  subsystem  tests  on  the 
battery  and  the  solar  array  provided  a real-time  degradation 
analysis  for  those  two  components. 

In  addition  to  the  array  and  the  battery,  analysis 
of  the  power  regulator  unit  as  a maximum  power  tracker  was 
also  performed  in  order  to  gain  some  understanding  of  a peak 
power  tracker  operation  in  a degradec  power  system. 

because  of  the  time  limitation,  I'd  like  to  limit 
my  discussion  to  the  battery  tests  that,  were  performed. 

(Figure  25-2  ) 

Ihis  is  a simplified  block  diagram  of  the  DAD 
power  system.  It  consists  of  a main  array  feeding  power  to 
a power  regulator  unit  which  conditions  the  array  power  to 
limit  both  the  recharge  and  the  overcharge  in  the  oatteries. 
An  auxiliary  array  feeds  power  directly  to  the  loads 
throuoh  the  unregulated  bus. 

In  addition  there  are  three  nickel-cadmium 
batteries,  20  amp-hours,  which  are  operated  in  parallel. 

(Figure  23-3  ) 

In  one  word,  the  battery  performance  on  both  these 
missions  was  excellent. 

For  OAG-C,  which  was  recently  deactivated  after 
approximately  100  months  of  orbit  and  ■^4-sorne-odd-thotJsnnd 
orbits,  the  battery  voltaoe  levels  v^ere  varied  between  I to 
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2 during  normal  operation,  and  3 and  4 for  the  case  of  low 
solar  power. 


The  depth  of  discharge  was  typically  15  to  17 
percent,  with  a peak  of  approximately  20  percent  depth  of 
Discharge  per  battery. 


The 

approximately 


average  temperature  ever  the  entire  life  was 
10  degrees  C, 


The  percent  recharge  was  normally  between  103  and 
105  percent. 


The  resolution  for  both  the  current  and  the 
voltage  sharing  was  well  within  the  telemetry  limits. 
The  currents  during  the  mission  really  varied  no  more 
than  .1  arnp  per  battery,  and  battery  divergence  was 
between  10  and  15  millivolts. 


The  OAO  power  system  did  have  an  undervoltege 
trip.  For  the  first  six  months  it  was  set  at  26.4  volts  and 
was  reduced  in  steps  down  to  23.3,  and  for  a time  the  power 
system  operated  without  any  undervoltage  limits. 


(Figure  23-4  ) 

This  table  details  the  design  summary  for  the 
□AO-C  batteries.  The  cells  were  20  amp-hour  cells 
manufactured  by  Gulton.  Each  battery  was  22  series  cells, 
three  batteries  per  spacecraft. 

The  batteries  were  assembled  essentially  in  two 
packs  and  installed  in  separate  thermal  bays.  Ihe  design 
operating  life  of  the  battery  was  one  year  in  low  earth 
orbit  end  somewhere  between  15  and  20  percent  DQD. 

The  temperatures  remained  between  5 and  10  degrees 
with  an  overprotection  cutoff  of  35  degrees. 

Ihe  charce  control  utilized  in  both  missions  was 
cn  eight  commandable  voltage  compensated  — commandabie 
levels,  and  as  1 mentioned  before,  the  charging  was  in 
parallel. 


(Figure  23-5  ) 


286 


This  is  a quick  summary  of  the  cell  features  for 
this  mission.  Again,  the  ceil  mahufecturer  was  Gulton.  The 
nominal  cell  capacity  was  20  amp-hours.  A Pelion  separator 
2505  was  used.  Electrolyte,  31  percent  KOH  to  an  amount  of 
66  c . c . ' s . 

The  precharge  was  established  using  the  oxygen  • 
vent  method  and  a typical  value  for  precharge  was  4.6 
ampere-hours . 

Tne  following  is  a list  of  plate  design  features, 
and  I would  just  highlight  the  fact  that  the  plate 
thickness  for  this  cell  is  thicker  than  the  thickness 
that  vte're  presently  using  on  a standard  GE  cell. 

(Figure  23-6  ) 

'Ihe  battery  tests  were  the  last  tests  to  be 
performed  of  all  the  subsystem  tests  that  were  done.  The 
purpose  of  the  test  was  to  determine  the  end  of  mission 
capacity  on  all  three  batteries. 

Ihe  method  used  was  to  orientate  the  spacecraft  in 
such  a manner  as  to  discharge  the  battery  through  the  entire 
sunlight  portion. 

We  started  off  here  with  a fully  charged  battery. 
The  first  35  minutes  is  the  discharge  profile  during  a 

normal  eclipse  period. 

Following  the  eclipse,  the  batteries  were 
discharging  at  approximately  1.5  amps  for  the  entire  sunlit 
portion. 


Coming  out  of  the  sunlight,  the  batteries 
oischarneo  at  the  normal  spacecraft  loads  at  eclipse. 

(Figure  23-7  ) 

The  batteries  were  allowed  to  charge  up  for 
aoproximately  4b  hours,  and  the  same  test  was  performed, 
this  time  v;ith  additional  loads  ana  with  a different 
spacecraft  orientation. 

You  can  see  the  profile  is  quite  similar.  The 
voltage  profile  shows  the  voltages  for  all  three  batteri' 
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ere  well  within  telemetry  resolution. 

The  current  is  peaking  close  to  about  seven  amps 
during  the  eclipse  period,  and  approximately  two  amps  during 
the  sunlight  period. 

Of  particular  note  here,  toward  the  end  of  this 
test,  even  with  relatively  steady  battery  discharge  current, 
there  seems  to  be  a small  plateau  here  approximately  less 
than  23  volts  where  the  voltage  seems  to  have  flattened  off. 

(Figure  23-8  ) 

What  I attempted  to  do  here  was  to  compare  the  two 
profiles  as  a function  of  the  discharge  ampere-hours.  And, 
in  comparison,  Kve  used  some  test  results  that  were 
performed  on  some  flight  cells  from  the  DAO  program. 

There  were  two  such  packs.  . Pack  4-C,  which  I'm 
showing  here,  were  cells  from  a preproduction  lot.  Pack 
4-D,  not  shown  here,  are  cells  from  the  actual  flight  lot. 

Pack  4-D  cycled  for  over  22,000  cycles  with  no  cell 
failures.  Here  Pack  4-C  v/ent  in  excess  of  33,000  with  no 
cell  failures  prior  to  discontinuing. 

You'll  notice  the  first  test  results  plotted  as  a 
function  of  discharge  ampere-hours  here,  and  the  results  of 
the  secono  discharge  test. 

These  were  the  only  tests  that  were  scheduleo  on 
the  battery. 

(Figure  23-9  ) 

One  of  the  main  conclusions  that  came  out  of  these 
two  missions  was  the  feasibility  of  operating  high  capacity 
nickel-cadmium  batteries  in  parallel.  In  addition,  some 
confirmation  as  to  a second  voltage  plateau  at  approximately 
1.03  volts  per  cell. 

The  degradation  that  was  seen  on  this  mission  was 
in  close  agreement  with  the  life  cycle  simulations  — the 
life  cycle  simulations  forming  an  accurate  data  base  for 
mathematical  modeling  of  cell  lifetime. 

The  last  point  which  is  still  argued  is  that  limited 
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preflight  testing  of  flight  battefies  during  sfDacecraf t 
integration  contributed  £o  the  tfoubie*free  peffbrmance  of 
the  QAO  batteries. 

Thank  you. 
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ORBITING  ASTRONOMICAL  OBSERVATORY  (OAO-C) 

END-OF-mSSION 
POWER  SUBSYSTEM  EVALUATION 

objectives 

0 DETERMINE  SOLAR  ARRAY  AND  BATTERY 
DEGRADATION 

0 DETERMINE  THE  PERFORMANCE  CHARACTERISTICS 
OF  THE  MAXIMUM  ARRAY  POWER  TRACKER 

Figure  23-1 

OAO-C  POWER  SUBSYSTEM  BLOCK  DIAGRAM 


Figure  2:^-2 


SUMMARY  OF  OAO-C  BATTERY  PERFORMANCE 


OPERATING  LIFE  FEBRUARY  1931 
BVLS  LB/ELS  USED 

TYPICAL  DISCHARGE  CAPACITY 

BAHERY  TEMPERATURE 


100  MONTHS,  W,890  ORBITS 

NORMAL  OPERATION  - 1 OR  2 
LOW  ARRAY  POIER  - 3 OR  A 

2.8  TO  3.2  AH  PER  BATTERY 
A.O  AH  PEAK  PER  BATTERY 

AVERAGE  OF  10  C 


RECHARGE  RATIO 

BATTERY  CURRENT  SHARING 
BUS  UNDERVOLTAGE  SETTING 

Figure 


TYPICALLY  - 1057. 

MINIMU’'  - 1037 

WITHIN  RESOLUTION  OF  TELEMETRY 

FIRST  SIX  MONTHS  - 2S.A  VOLTS 
INCREMENTALLY  REDUCED  TO  23.3  VOLTS 

23-3 
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PAO-C  battery  design  SUW.RY 


nAO-C  NICKFl-rAPHtllH  rpil  nFAIAH  FMTIlBPt: 


20  AH  HICKEL-CADIUU!!  CELLS  (GULTOH) 

22  SERIES  CONHECTED  CELLS  PER  BATTERY 
THREE  BATTERIES  PER  SPACECRAFT 

- THO  HECHAHICAL  ASSEI1BLIES 

- EACH  ASSEflBLY  COHTAIfiS  11  CELLS  OF  EACH  BATTERY 

- BOTH  ASSEMBLIES  LOCATED  IN  ISOLATED  THERMAL  BAY 

OPERATING  DESIGN  LIFE  1 YEAR  (NE«R  EARTH) 

IS  TO  20  PERCENT  DOD 


TEMPERATURE 
CHARGE  CONTROL 

UtlDERVOLTAGE 
SPACECRAFT  LAUNCHED 


5 TO  10  C RANGE 
35  C THERMOSTATS 

8 COHMAKDABLE  LEVELS 
TEMPERATURE  COMPENSATED 
PARALLEL  CHARGING 

25,''  VOLTS  1.2  VOLTS/CELL 

AUGUST  19^2 


CELL  MANUFACTURER;  GULTON 
CEU  CAPACITY;  20.AH  NOMINAL 
SEPARATOR:  PELLON  2505 
ELECTROLYTE;  3U  KOH  66CC 
PRC-CHARGE;  Oj  VENT,  iI.eAH 


NUMBER 

AREA 

THICKNESS 
POROSITY 
PLATE  LOADING 
CAPACITY/AREA 
FLOODED  CAPACITY 


EOiimc 

9 

0.91 

0.0395  IN 
nh.n 
16.1  gr/dm 
11.12  AH/dm^ 
27.7  AH 


NEOmVE 

10 

0.91  DM* 
0.0309  IN 
66. 5X 

16.95  gr/dm* 
'1.20  ah/dm* 
39.8  AH* 


•CAPACITY  MEASURED  TO  -l.OV 


Figure  23-4 


Figure  23-5 


Q 


^ 2 P* 

i.i 


OAO«3  6att«ry  Capacity  Discharge  Test  1« 


Figure  23-6 
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0A0*3  Bittery  Capacity  Discharge  Test  2 


OAO-3  Battery  and  Crane  Discharge  Comparisons  Pack  4c  Cell  S/N  559  15X  DOO  10*C 


CONCLUSIONS  OF  OAO-C  EOM  BAnERY  DISCHARGE  TEST  Figure  23-8 

0 CONFIRMED  EXISTENCE  OF  SECOND  VOLTAGE  PLATEAU  AT 
APPROXIMATELY  1.03  VOLTS  PER  CELL. 

0 DEGRADED  VOLTAGE  CHARACTERISTICS  ARE  IN  CLOSE 
AGREEMENT  HITH  LIFE  CYCLE  SIMULATIONS. 

.0  LIFE  .CYCLE  SIMULATIONS  FORM  AN  ACCURATE  DATA  BASE 
FOR  MATHEMATICAL  MODELING  OF  CELL  LIFETIME. 

0 LIMITED  PRE-FLIGHT  TESTING  OF  FLIGHT  BATTERIES 
DURING  SPACECRAFT  INTEGRATION  CONTRIBUTED  TO  TROUBLE- 
FREE  BAnERY  PERFORMANCE. 


Figure  23-9 
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DSCS  in  LIFE  TEST  PHOGHESS  REPORT 


H.  Thierfelaer 


GE 


The  General  Electric  Space  Systems  Division  of 
Valley  Forge  is  the  prime  contractor  for  the  Defense 
Satellite  Communication  System,  and  ve  have  designed  and 
built  the  power  system  for  this,  and  we  have  a life  test 
going. 


The  DSCS  111  power  system  is  an  approximately 
1,000  watt  system.  It^s  a direct  energy  transfer  system 
with  a regulated  bus.  The  bus  is  2o  volts,  plus  or  minus 
one  percent. 

The  battery  system  is  three  batteries  that  are 
charcied  independently  off  the  2b  volt  bus  and  discharged 
through  diodes,  throuah  redundant  boost  regulators  back  into 
the  2b  volt  bus. 

The  power  system  is  very,  very  similar  to  the 
power  System  which  we  designed  and  built  for  the  Japanese 
broadcast  satellite  which  has  been  in  orbit  for  over  three 
years,  end  also  it  is  very,  very  similar  to  the  GPS  Block  1 
power  system,  and  also  to  the  GPS  Slock  2 power  subsystem. 

The  progretii  started  in  1976,  and  in.  1977  we 
presented  a little  report  on  the  lightweight  cell  which  we 
used  in  the  batteries,  35  ampere-hour,  nickel-cadmium  cells, 
GE-designed . 

Last  year  1 presented  a little  report  on  the  life 
test.  Last  year  we  had  accomplished  two  eclipse  periods. 
Ihis  year  we  have  accomplished  six  eclipse  periods,  so  1 
just  want  to  give  you  an  upaate. 

One  of  the  other  tnincs  thet  you"' 11  find  probably 
of  interest  is  that  we  do  reconditioning  until  the  cells 
reverse,  and  you'll  see  this  as  1 go  along. 

(Figure  24-1  ) 

This  is  a photograph  of  a DSCS  III  flight 
battery.  It  is  not  the  battery  that  is  on  the  flight  test. 


293 


but  electrically  it's  identical.  Qn  the  life  test  we  do  not 
have  the  heaters  and  we  do  not  have  the  fancy  side  plates 
and  enc  plates. 

One  point  of  interest  here  may  be  that  the  large 
holes  that  you'  might  notice  in  the  mcunting  Itjgs  are  due  to 
the  fact  that  the  battery  in  the  spacecraft  is  thermally 
isolated.  The  battery  is  thermally  isolated  from  the 
spacecraft  and' thermal  bushings  are  put  in  there  to 
accomplish  this. 

(Figure  24-2  ) 

I showed  this  in  1977.  Ihis  is  one  of  the  cells, 
a 3b-aniper e-hour  cell,  and  the  cell  is  encased  in  an 
aluminum  retainer.  This  cell  is  being' used  not  only  now  for 
DSCS  but  for  tne  OPS  Block  2 program. 

(Figure  24-3  ) 

Just  a little  more  detail  cn  the  cell  Itself.  We 
have  the  stainless  steel  case,  the  aluminum  retainer,  and 
then  the  combination  of  aluminum  retainer  and  the  stainless 
steel  cell  case  into  which  the  cell  itself  was  put. 

(Figure  24-4  ) 

Now  getting  down  to  the  life  test  itself,  as  I 
mentioned  we've  accomplished  six  eclipse  periods,  and  this 
is  a summary  chart  just  made  up  of  the  overall  results.  The 
temperature  that  we^re  maintaining  is  10  degrees  Centigrade, 
and  cn  charge,  the  battery  temperature  will "go  down  to'about 
7 decrees.  In  fact,  in  the  spacecraft,  it  will  maintain 
about  7 degrees  with  the  heaters,  ano  on  discharge  it  will 
peak  up  to  about  13  degrees  or  thereebouts. 

The  minimum  discharge  voltage  which  occurs  at  Day 
Number  29  of  the  eclipse  period  is  plotted  here,  and  you  see 
it  going  up  ana  down  because  the  odd-number  eclipse  periods 
are  a little  different  than  the  even-number  eclipse 
periods.  The  odd  numbers  have  a deeper  depth  of  discharge, 
and  you'll  see  that  on  the  next  slioe. 

But  the  main  point  here  of  course  is  that  there  is 
no  degradation  at  least  in  the  six  eclipse  periods  of  three 
years  in  the  end  of  discharge  voltage. 
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In  this  power  system  we  have  a voltage-limited 
charoe  control;  that  is,  the  batteries  will  charge  up  to  an 
average  cell  voltage  which,  at  10  decr.ees,  I believe  is 
1.45  volts  per  cell,  and  then  the  current  will  taper  down.  And 
these  are  the  end-of-charge  currents.  And  the  currents  are 
ouite  low.  At  300  millivolts  we^re  cown  below  a C/100 
rate.  So  we^re  in  that  range  where  you^re  actually  below  300 
millivolts  on  the  end-of-charge  current. 

Now  if  the  charoe  current  would  become  too  low 
we  can  select  a higher  voltage  limit.  This  is  now  on  what 
we  call  Voltage  Limit  Number  2 in  our  system,  which  is  the 
normal  charge  voltage  for  the  battery. 

(Figure  24-5  ) 

What  I have  oone,  Kve  brought  the  data  for  the 
last  two  eclipse  oeriods.  Eclipse  Periods  5 and  6,  and  I 
thought  maybe  .1  could  show  them  at  the  same  time. 

(Figure  24-6  ) 

The  data  is  pretty  much  the  same  and  I think  I'll 
just  run  over  it  on  one  of  them. 

At  the  top  we  have  the  temperature  and  again,  the 
low  temperatures  are  the  temperatures  at  end  of  charge,  or 
during  charge,  and  the  higher  temperatures  are  during 
discharge,  and  they  are  above  and  below  the  10  degrees 
Centigrade. 

Ihe  voltage  limit,  as  1 mentioned,  is  fixed  by 
the  test  equipment  at  about  1.43  volts  per  cell.  This  is 
the  averace  cell  voltage  at  which  we  limit. 

Nov\/  the  current  of  course  'jumps  around  somewhat 
but  is  in  that  region  between  the  200  and  400  mils,  the  same 
as  we  see  on  the  other  chart. 

Nov;  maybe  of  areatest  interest  is  the  end  of 
Discharge  average  cell  voltage  at  the  bottom.  Now  I'll  have 
to  explain  a little  bit  that  we  break  up  the  45-day  eclipse 
periods  into  five  different  programs.  Each  eclipse  is  a 
24-hour  period.  This  is  a synchronous  orbit  system,  so  for 
the  first  eight  days  of  the  45  days,  we  have  a 40-minute 
discharge,  a 40  minute  eclipse,  and  we're  removing  in  the 
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oda-number  eclipse  periods  34  percent' depth  of  discharoe. 

The  depth  of  discharge  is  based  on  the  35 
ampere-hour » the  rated  capacity. 

During  the  next  eight  days  we  discharged  for  60 
minutes,  or  54  percent,  and  then  for  13  days  it  was  at  the 
maximum,  a 72-minute  eclipse  at  62  percent  depth  of 
oischerge.  And  then  of  course  it  goes  back  down  again. 

Now  the  eno  of  discharge  vcltaoe  is  at  its  lowest 
when  you  get  to  that  29th  day.  This  is  Eclipse  Period  5, 
and  if  you  look  at  the  other,  you  get  exactly  the  same 
profile  on  each  of  these  measured  parameters. 

(Figure  24-7  ) 

One  of  the  things  that  I think  is  of  greatest 
interest  is  the  reconditioning  after  each  eclipse  period. 

(Figure  24 -b  ) 

The  two  discharge  rates  that  barren  Hwang 
mentioned  on  his  studies  at  Aerospece  1 think  probably  come 
frorii  our  program;  that  is,  when  we  recondition  the  battery 
and  there's  a resister  across  the  entire  battery,  the 
16-cell  battery,  this . resister  is  siZ'ed  so  that  when  the 
battery  is  fully  charged,  tne  battery  will  discharge  at 
about  the  100-hour  rate.  And  the  current  here  is  about 
that.  It's  about  340  mils,  so  it's  c poroxirnately  the 
100-hour  rate,  and  the  current  is  here. 

Gf  course  the  battery  voltage  is  up  here. 

( Inoicating. ) 

be  also  have  pressure  being  recorded.  Actually 
four  of  the  16  cells  in  the  battery  are  equipped  with  both 
pressure  gauges,  which  we  nave  to  read  manually,  and  also 
pressure  transducers.  Pressure  transducers  are  read  out  on 
the  test  equipment. 

Hhat  we  have  plotted  here  is  the  highest  of  the 
pressure  transducer  readings,  so  there's  not  very  much 
change  in  the  pressures.  Ihey  are  in  pounds  per  square 
inch,  absolute.  They're  starting  here  at  30-some-oda 
pounds,  and  actually  are  going  down  during  the  discharge 
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because  just  previous  to  this  the  battery  had  been  charqed  \ 
up.  And  then  levels  off. 

The  automatic  safety  feature  that  we  have  built 
into  the  system,  which  is  in  the  spacecraft  as  well  as  in 
our  test  program,  is  that  when  the  battery  voltage  drops  to 
18  volts  during  this  rsconoitioninc  discharge,  an  additional 
resister  is  switched  into  the  line  and  there^s  a step 
function  here  where  the  discharge  current  will  then  drop 
from  this  approximately  C/100  rate  tc  approximately  a C/500 
rate . 


So  this  is  this  big  drop  down  on  the  currrent. 

I'je  have  annotated  on  here  vhere  the  first  ceJl  has 
reversed  out  here,  and  the  first  cell  has  reversed  after  we 
dropped  to  the  C/300  rate. 

Now  the  current  of  course  continues  to  drop  down 
as  the  battery  voltage  drops  down. 


The  criterion  that  we^'ve  used  for  the  end  of 
reconditioning  is  when  the  battery  voltage  reaches  one 
volt.  You  see  of  course  that  the  current  has  oretty  well 
stabilized  in  that  area.  The  voltage  has  stabilized.  'I'he 
pressure  has  stabilized. 


Now  this  is  approximately  a ten-day  period. 


This  was 
Perioo  6 
battery, 
times  at 
but  this 
periods, 
eclipse 


The  other  graph  over  here  is  very,  very  similar, 
on  Hclipse  Period  6.  by  the  way,  it's  Eclipse 
but  this  is  the  ninth  reconditioning  cycle  on  this 
Ihe  other  was  the  eighth.  They  have  done  it  lb 
Aerospace.  Ne  have  only  done  it  so  far  nine  times 
test  of  course  is  scheduled  to  run  for  20  eclipse 
bo  I hope  in  \9tiA  I will  report  that  the  20 
periods  are  finished. 
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The  capacity  we  found  on  discharge  out  to  18  volts 
on  the  sixth  eclipse  perioo  was  38  ampere-hours,  not  very 
much  difference  on  the  fifth.  It  was  37  ampere-hours.  Ihere 
is  no  significant  difference  there. 

(Figure  24-9  ) 

□ne  other  set  of  curves  that  I have  here  is  the 
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aate  from  Day  29,  or  in  this  case  it  was  Day  2o.  bomething 
happened  to  the  computer  data  from  Day  29  of  the  fifth,  and 
] have  it  for  the  sixth  eclipse  period. 

These  are  72-rninute  eclipse  periods  but  we^ve 
broken  the  72  minutes  dov/n  into  a 60-minute  period  and  a 
12-minute  period.  On  the  odd  number,  like  Hclipse  Peripa  b, 
which  is  more  severe  than  the  even  numoers,  we  first  have  a 
12-minute  discharge  at  16.1  amps,  end  then  we  follow  that 
continuously  right  up  with  a 60-minute  discharge  at  the 
worst-case  conoitions  when  all  the  leads  are  on,  ana  the 
current  is  Ib.4  amps. 

And  we  have  here  of  course  the  voltage, 
temperature,  current,  and  pressure. 

□ne  point  of  interest  I guess  is  that  in. this 
charge  control  system  we  have  we  have  a very  low  overcharge 
or  C-to-D  ratio.  In  this  case  we've  taken  out  a total  of 
21.52  amoere-hours . 

Then  on  the  recharge  we've  put  in  25.31 
amoere-hours , or  a C-to-D  ratio  of  only  1.20.  This  is  a 
very  low  C-to-D  ratio  for  any  batteries  that  are  in 
synchronous  orbit.  Ana  of  course  the  reason  for  that  is  tne 
taper  charge  of  the  current  where  they  first  have  the 
constant  current  period  of  charge,  and  then  it  tapers  off 
ana  we're  winding  up  down  at  a charge  current  below  the 
100-hour  rate. 

(Piqure  24-10  ) 

Again,  Eclipse  Period  6 is  very  similar  where  we 
have  Jess  ooptn  of  discharge.  Both  periods  are  16.1 
ampere-hours.  StiJl  it  was  run  in  tvo  separate  segments, 
end  the  final  current  again  is  below  the  100-hour  rate,  and 
the  C-to-D  ratio  was  1 .26. 

That's  the  status  of  where  we  ere. 

I have  one  other  Vugreph  here,  which  simply  shows 
the  date.  All  the  cata  is  put  on  magnetic  tape  and  then  we 
can  put  it  into  a computer  program  and  have  the  curves 
plotted  out.  At  the  seme  tiine  we  have  digital  data 
sumiiiarized  in  e form  such  as  this.  , 
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(Figure  2A-\\  ) 

Ihis  is  a 60-minute  discharge  end  each  one  of  the 
cells  is  reao  out,  the  average  cell  voltage,  ano  tne  current 
nd  the  accumulateo  ampere-hours,  end  the  temperatures,  and 
he  average  pressure.  Here  we  have  two  pressure  transcucers 
readings,  and  the  average  of  the  two.  What  we  plotted  out 
in  the  plots  was  the  highest  pressure  reading. 

GASTON  (WCA)»  ilow  do  these  data  compare  with  the 
real  flight  data? 

IHIENFELDERs  We  do  not  ha\e  any  DSCS  batteries  in 
flight.  Some  year  now  we  hope  we  wi J 1 . 

GASTON*  1 wasn't  aware  of  that, 

IH lEWFELDEfi * The  program  has  been  slightly 
oelayed  as  far  as  the  flights  go. 
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Figure  24-1 


Figure  24-2 


Figure  24-3 


Figure  24-4 
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Figure  24-6 
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SMM  PARALLEL  BATTERY  OPERATION  IN  ORBIT 


R.  Broderick 
GSFC 

I'd  like  to  talk  to  you  this  afternoon  about  the 
SMM  parallel  battery  operation. 

We  are  presently  just  about  to  complete  our  second 
year  in  orbit,  operating  around  the  9600  orbit. 

(Figure  25-i  ) 

Some  preliminary  information  on  the  mission;  As  I 
said,  the  batteries  were  integrated — well,  maybe  I didn't  say 
that,  but  the  batteries  were  integrated  about  two  years  ago. 
We  actually  launched  in  February  of  1980. 

We  are  in  a near-earth  orbit  and  we're  seeing  sun 
times  between  61  and  68  minutes.  We  initially  had  a two-year 
design  with  a four-year  requirement  or  rather  "desirement . " 
Since  that  time  there  has  been  some  consideration  given  to  a 
refurbishment  of  the  SMM  spacecraft  in  the  last  quarter  of 
FY  83,  in  which  case  we  could  extend  out  to  about  a five-year 
requirement. 

(Slide.  Not  available) 

This  is  a picture  during  the  integration,  showing 
the  modular  power  spacecraft.  This  is  the  modular  power 
system  here.  (Indicating.) 

(Slide.  Not  available) 

This  is  an  artist's  conception  in  space. 

(Figure  25-2  ) 

It  is  a parallel  battery  charge  conf iourat ion  verv 
similar  to  the  OAD  configuration  you  just  saw,  a parallel 
battery  charging  through  a peak  power  tracking  series 
regulator. 
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Ihere  are  three  GE  batteries » 20  ampere-hours,  22 
cejls  per  battery.  The  moaular  power  system  makes  up  the 
majority  of  this  system,  which  was  manufactured  by 
iVcUonnell-Dougias . 

(Figure  25-3  ) 

Kd  like  CO  describe  to  you  some  of  the  battery 
system  performance  as  a function  of  lifetime  over  the  orbit. 

This  is  times  10  K.  i'\e''re  up  to  about  9600  orbits. 

This  top  one  shows  the  end  of  charge  voitaae  which 
is  just  our  voltage  limit,  presently  we^re  at  standard 
voltage  level  4,  which  is  about  1,436  volts  per  cell. 

He  made  a couple  of  voltage  level  changes 
throughout  the  mission.  'He  recently  went  back  to  a voltage 
level  4,  and  I'll  get  into  that  a little  mors,  We're 
presently  at  about  an  average  1.2  volts  per  cell.  Initially 
we  were  at  about  1,24,  so  we  have  seen  about  40  millivolts 
oegradation  over  the  two-year  mission  so  far,  in  end  of 
discharge  voltage. 


(Figure  25-4  ) 

Ihis  shows  the  depth  of  oischarge  again  as  a 
function  of  orbit  time  out  to  about  9600  orbits.  Initially 
v.e  were  running  about  16  to  IS  percent  DGD. 

Wo  suffered  a loss  in  our  attitude  control  system 
where  we  essentially  lost  our  momentum  wheel  control  and  we 
ere  into  a magnetic  control  at  this  time.  Because  of  that 
fact  around  orbit  4,000  we  had  to  turn  off  about  four  of  the 
seven  instruments  because  pointing  accuracy  was  no  longer 
accurate  for  useful  science.  So  our  depth  of  discharge  is 
cecreosed  down  to  the  12  to  14  percent  range, 

.(Figure  25-5  ) 

Ihis  shows  an  average  C-to-rD  ratio  of  the  three 
batteries  over  the  mission  lifetime.  Initially  we  were  at 
voltage  level  4.  He  didn't  feel  that  we  were  adequately 
recharging,  We  went  to  voltage  level  5,  Because  of  the 
problem  I just  described  and  other  reasons  which  I'll  talk 
about,  we've  gone  back  to  voltage  level  4 to  try  to  improve 
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the  C-to-D  to  get  us  down  more  in — It  looks  like  we-'re  in 
an  average  of  about  113  percent  where  we  were  upwards  of  120 
percent  ana  during  peak  sun  time  seeing  charges  of  upwards 

of  130  percent. 

(Figure  25-6  ) 

We  do  have  a battery  differential  voltage 
comparator  on  the  spacecraft  which  looks  at  the  voltage 
between  the  top  11  cells  and  the  bottom  11  cells,  and  gives 
us  a telemetry  point  on  that.  Essentially  we  have  two 
curves  here.  This  is  the  Difference  which  you  see  during 
the  charge  period  and  the  Difference  during  the  discharge 
period.  What  we're  looking  for  here  are  abnormal  deviations 
We  hope  that's  not  one  — which  will  show  cell 
divergence  and  possibly  result  in  ceJl  failure. 

One  little  line  here  looks  like  our  last  telemetry 
point  took  a little  dive.  We'll  keep  an  eye  on  that,  but  so 
far  we  haven't  seen  anything  which  we  interpret  at  this 
point  as  a cell  divergence.  We're  in  the  range  of  about  50 
millivolts  between  the  top  pack,  the  top  11  cells  and  the 
bottom  II  cells. 

(Figure  25-7  ) 

Now  I'll  describe  to  you  a typical  orbit 
performance.  We're  presently  out  around  9600  orbits.  This 
particular  orbit  is  9255.  We're  looking  at  bus  voltage 
through  a oischarge  cycle,  charge  eno  voltage  limit. 

The  battery  current,  during  discharge,  is  seeing  a 
little  current  divergence  between  the  three  packs.  I'll  talk 
a little  bit  more  about  that.  An  inrush  through  the  peak 
power  tracker  of  upwards  of  C rate,  20  amps  per  battery. 

We  reach  voltage  limit  very  quickly  because  of  the 
low  DQD  here  and  the  essentially  oversized  array.  In  about 
three  minutes  we  begin  our  taper.  We  taper  down  to  about  .4 
c.mp,  a slight  divergence  in  the  charge  c.urrent.  This  is  all 
three  batteries  plotted  on  top  of  each  other.  And  then  back 
into  the  discharge. 

This  curve  is  the  total  load  current  variance. 

(Figure  25 -b  ) 
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A typical  orbit  battery  temperature  variation  over 
an  orbit  period.  Battery  Number  3 is  the  center  battery. 
Presently  it  appears  to  be  running  between  about  two  to  four 
degrees  C. 


Similarly  we're  seeing  about  a two-degree  swing  on 
batteries  I and  2,  Battery  2 being  the  coldest,  down  around 
minus  one  degree  C. 

This  is  the  end  of  discharce  point  in  the  orbit. 

( Indicating. ) 

I'm  going  to  go  back  a little  on  one  orbit  to  show 
a comparison  between  a one-year,  third  electrode  over  an 
orbit  period,  and  then  the  next  slide  will  show  the  present 
one. 

(Figure  25-9  ) 

From  this  curve  this  is  the  first  minute  of  sun. 
It's  not  really  an  overcharge,  it's  'just  the  generation  is 
exceeoing  the  recombination  at  this  point.  We  kind  of  reach 
an  equilibrium  toward  the  end  of  the  orbit. 

But  on  Battery  Number  3 it  appeared  that  we  were 
starting  generation,  oxygen  generation  to  exceed 
recombination  about  mid-orbit,  which  we  tended  to  think  that 
we  were  reaching  a full  state  of  charge,  at  least  on  Battery 
3,  fairly  early  in  orbit.  It's  one  cf  the  reasons  that  we 
did  change.  The  difference  between  the  charge  period  is 
about  30  millivolts  at  this  time. 

(Figure  25-10  ) 

Since  we've  made  the  change  and  are  now  out  around 
9200  orbits,  we've  brought  that  in.  It's  a lot  closer. 

We're  only  about  12  millivolts  across  Battery  I to  2,  and 
we're  no  longer  seeing  that  oxygen  generation  mid-orbit. 

(Figure  25-1 1 ) 

This  chart  summarizes  essentially  what  I've  been 
saying,  where  we're  looking  at  an  orbit  before  we  made  a 
voltage  level  change,  and  then  the  current  orbit'. 

You  see  the  beginning  of  eclipse  current,  the  en 
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of  eclipse  current»  the  end  of  charge  current*  and  the 
beginning  of  eclipse  temperature*  and  the  end  of  eclipse 
temperature.  Really*  this  end  of  eclipse  current  is  the  one 
that  we  were  beginning  to  become  concerned  about  in  that  we 
were  seeing  about  a 1.2  amp  divergence  between  the  three 
batteries. 


After  making  the  change  we  did  improve  that 
somewhat*  .4  amp*  which  turns  out  to  be  one  LSB  on  the 
telemetry*  but  it  still  looks  like  we  did  improve  it.  The 
negative  indicates  that  we  did  impro\e  all  of  them  except 
the  beginning  of  eclipse  divergence  vhich  again  is  1 LSB* 
possibly  not  large  enough  to  be  significant.  But  this 
improvement  we  were  happy  with. 

It  .appears  that  the  end  of  eclipse  current 
divergence  is  down  in  the  .8  amp  ranee. 

(Figure  25-12  ) 

This  curve  compares  a couple  of  discharge 
curves*  one*  the  conditioning  cycle  prior  to  inteoration, 
an  in-module  conditioning  which  we  did  right  at  the  launch 
site,  and  a couple  of  in-flight  conditionings  which  we 
didn-'t  really  plan  on  when  we  lost  our  attitude  control  and 
discharged  the  batteries  down  to  about  50  percent  of  their 
capacity. 

There  are  a couple  of  orbits  in  here.  They  are 
kind  of  hard  to  pick  off  of  here*  but  this  one  here  is 
actually  that  C/3*  Orbit  400.  And  this  one  here  is  the  C/4, 
9255.  So  it  appears  that  somehow  we've  actually  got  a 
little  bit  of  voltage  recovery  due  to  our  lower  depth  of 
discharge  and  the  cycling  reoime  that  we're  now  in. 

Essentially  that's  what  1 wanted  to  present.  It 
aopears  that  after  21  months  the  parallel  charging  method 
has  been  effective.  There  are  no  indications  of  any 
abnormal  performance  that  we've  been  able  to  detect. 

OLBERT  (Ball  Aerospace):  /II  your  data  Indicated 

that  the  performance  was  superior  with  your  Charge  Level  4 
end  yet  someplace  in  the  mission  you  did  make  the  decision 
to  go  to  5.  Apparently  you  were  concerned  that  you  v/eren't 
fully  charging  the  batteries. 
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but  at  a low  level  of  discharge,  why  would  you 
care?  Why  not  normally  run  them  at  95  percent  discharoe. 
for  example? 

BRODERICK*  Run  them  at  less  than  full  recharge? 

□LbERT*  That's  correct. 

BRODERICK!  I guess  because  we  would  continue  to 
run  down  over  a period  of  time. 

We  were  concerned  early  in  the  mission  when  we 
still  had  a full  complement  of  instruments  that  we  weren't 
getting  recharged.  Our  C-to-D  ratio  is--  We  essentially 
have  a software  routine  in  the  OBC  for  sending  down 
ampere-hours  out  and  ampere-hours  in. 

Our  current  sensors  are  plus  or  minus  one  percent 
over  a hundred  amp  range,  and  the  method  we  chose  to 
implement  was  using  the  coarse  current  sensor  as  what  we 
woulo  monitor. 

As  a result,  when  we  get  down  into  our  tamper 
range  when  we're  down  .4  amp  we're  sensing  it  with  this  plus 
or  minus  one  percent  sensor,  and  our  accuracy,  we  feel,  was 
not  that  great.  We  felt  that  we  were  six  to  eioht  oercent 
high  on  the  C-to-D  reading. 

At  Voltage  Level  4 we're  not  netting  any  third 
electrode  indication  that  we  are  kinc  of  reaching  that  full 
state  of  charge  at  the  end  of  the  orbit,  and  we  weren't 
seeing  any  temperature  effect  at  the  end  of  charge. 

So  that's  whet  made  us  go  to  the  Voltage  Level  5. 
After  looking  at  it  for  a year  and  a half,  we  decided 
that  the  130  percent  was  definitely  too  high,  and  because 
our  DOD  had  gone  down,  that's  v/hy  we  went  back. 

It  appears  that  ideally  we  would  either  have  a 
Level  4-1./2  or  we  would  routinely,  once  a week,  make  voltage 
level  changes  to  optimize  it.  It  doesn't  appear  that  one 
level  is  going  to  be  ideal  over  a mission. 

HALPERl  (Goddard)*  I do  went  to  add  one  thing  to 

your  talk. 
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The  NASA  standard  20  ampere-hour  ceils  and  the 
NASA  standard  20  ampere-hour  batteries  which  were  selected, 
66  cells,  three  22-ceil  batteries  were  selected  from  75  for 
this  particular  operation,  and  they  have  worked  very,  very 
weJl,  and  are  one  of  the  reason?  why  the  power  system  is 
working  very  well, 

HALL  (MQAA)»  If  you  have  a problem  v/ith  the 
resolution  of  your  current  census,  frequently  an  indication 
that  you're  fully  chargina  your  batteries  each  cycle,  is  to 
monitor  the  end-of-discharge  battery  terminal  voltage,  and 
if  it  stays  at  the  level  of  increases,  then  you're  doing  the 
',’ob. 

If  it  starts  decreasing  monotonica J ly  with 
successive  discharge  cycles,  then  you've  cfot  a problem  v/ith 
C-to-i). 


bRODERICK*  We  were  looking  at  that.  It  appeared 
we  would  oet  a 200  millivolt  drop  which  was  our  telemetry 
resolution,  so  we  were  uncertain  v/hether  that  was  an 
indication  of  the  voltacie  level  change  or  a result  of  a 
C-to-D  typo  change. 

FORD  (Goddard)s  I'd  just  like  to  respond  to  that 

comment. 

In  my  experience,  one  of  the  poorest  indicators  of 
the  state  of  charge  of  the  battery  is  the  discharge 
voltage.  It  doesn't  tell  you  a hell  of  a lot  abotit  the 
health  and  welfare  simply  because  the  double  plateau  effect 
comes  in  very  early  during  the  cycli?  life. 
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MISSION  PROFILE 
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ORBIT-  S74  KM  CIRCULRR 
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MISSION  LIFETIME-  2 YERR  DESIGN 

H YERR  REQUIREMENT 


Figure  25-1 


312 


Figure  25-4 


Figure  25-5 


Figure  25-6 
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Figure  25-7 


Figure  25-9 
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Figure  25-10 


EFFECT  OF  CHANGE  V/L  5 TO  V/L  4 
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RCA  SATCOM  IN-QHBIT  EXPERIENCE*  AN  UPDATE 
D.  Stewart 
RCA 

Good  afternoon.  I-'d  like  to  present  a brief 
update  on  RCA  SATCOM  battery  perf ormence.  Ae've  been  in 
orbit  for  about  six  years,  and  I feel  it's  important  to 
present  data  at  this  time  because  the  fifth  and  sixth  years 
have  been  critical  for  other  geosynchronous  space  programs. 
Some  people  even  told  us  a couple  of  years  aoo  that  we'd  be 
lucky  to  get  five  or  six  years  out  of  our  batteries. 

Before  I go  into  the  data,  however,  I'd  like  to 
briefly  describe  the  SATCOM  history  end  some  of  the  design 
details . 


(Figure  26-1  ) 

SATCOMs  1 and  II  are  domestic  communications 
satellites  in  geosynchronous  orbit.  They  are  identical 
except  that  SATCOM  II  was  launched  three  months  later  than 
SATCOM  I.  SATCOM  I was  launched  in  December  of  1975,  which 
means  that  it  has  seen  12  eclipse  seasons  or  almost  six 
years  in  orbit. 

SATCOM  II  was  launched  in  March  of  '76  and  has 
seen  eleven  eclipse  seasons  and  is  about  five  and 
thre e-ouarters  years  old. 

There  are  three  batteries  on  each  spacecraft. 

Each  of  these  is  required  to  support  the  mission.  They're 
connected  to  an  unregulated  bus  with  redundant  diodes. 

There  are  22  cells  per  battery;  they  are  12  ampere-hour 
NiCds.  They  are  GE  cells  rated,  at  12  ampere-hours. 

They  had  an  initial  measured  capacity  of  M ampere-hours 
end  they're  contained  in  10  ampere-hour  cases. 

There  are  three  constant  current  charge  rates  that 
vie  have.  We  have  what  we  call  our  normal  charge  rate,  which 
is  C over  20  charge  rate,  C being  rated  capacity.  We  use 
this  for  recharge  follov/ing  eclipses  or  any  other  time  that 
we  have  battery  discharge,  such  as  after  spacecraft 
maneuvers.  We  have  a high  charge  rate  of  C over  10,  which  we 
use  primarily  for  reconditioning  recharge.  But  we  also  use 
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it  occasionally  in  the  eclipse  seasons. 

The  third  rate  is  the  C over  60  trickle  charge 
rate  which  we  use  any  other  time  we"re  not  using  those  other 
two  charge  rates,  such  as  between  eclipse  seasons  and 
following  the  completion  of  recharge  during  the  eclipse 
season. 

For  the  C over  ten  charge  rate  we  have  overcharge 
protection.  We  have  a voltage/temperature  taper  charge 
curve.  Temperatures  are  typically  between  zero  and  15 
degrees  during  the  eclipse  season.  Occasionally  due  to 
power  management  problems  we  let  the  batteries  get  down  to 
minus  five.  In  a trickle  charge  mode  we  will  turn  the 
heaters  off  and  cycle  the  heaters. 

^(e.also  see  temperatures  at  the  other  extremes,  we 
get  daily  peak  temperatures  in  the  summer  of  over  30 
degrees. 


The  only  other  item  here  tc  cover  is 
reconditioning.  About  two  weeks  prior  to  each  eclipse 
season  we  sequentially  discharge  and  recharge  each  of  the 
batteries  down  to  about  two  volts,  and  this  works  out  to 
about  .]  volt  per  cell.  And  we  do  this  with  individual  cell 
bypass  resisters. 

(Figure  26-2  ) 

This  slide  shows  a typical  eclipse  discharge 
profile.  We  have  three  things  plotted  here*  the  current, 
voltage  and  temperature.  The  day  shewn  here  is  the  Autumnal 
Equinox,  which  is  the  longest  eclipse,  at  72  minutes,  Ihere 
are  two  Indications  of  battery  performance  that  we  have.  One 
of  these  is  the  current  sharing.  Here  we  see  that  Battery  2 
is  putting  out  a little  less  than  its  share  of  the  current. 
But  at  the  end  of  discharge  it's  within  about  three  percent 
of  the  mean. 

Another  indication  of  perfcrmance  we  have  is  the 
sharing  of  capacity  or  ampere-hours  out  of  the  battery.  This 
too  is  three  percent  over  the  discharge,  and  we  judge  this 
to  be  acceptable  for  the  age  of  the  batteries. 

Also  plotted  here  are  the  battery  temperatures. 
They  are  all  within  the  two  to  eight  degree  temperature 
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range.  And  shown  here  is  a single  curve,  an  average  of  the 
battery  voltages. 

The  depth  of  discharge  here  based  on  rated  is  55.9 

percent. 

(Figure  26-3  ) 

A'e  have  a similar  graph  for  SATCOM  II.  Here  the 
temperatures  are  between  zero  and  four  degrees.  Current 
sharing  is  a little  better.  The  cnpccity  out  is  within  two 
percent  of  the  mean,  ft'e  think  this  is  very  good  for  the  age 
of  the  batteries. 

Those  two  parameters,  the  current  sharing  and  the 
capacity  sharing,  help  us  to  determine  the  relative  health 
of  the  batteries  to  each  other. 

Another  thing  we  monitor,  end  what  we  look  at  the 
most,  is  the  end  of  discharge  voltage  durina  eclipse.  And 
this  is  our  key  performance  parameter  to  tell  us  how  we're 
Going  throughout  the  life  of  the  mission, 

'/'ihet  we've  done  is  we  have  kept  track  of  this 
voltage.  It  doesn't  always  happen  on  the  longest  eclipse. 
he  have  some  cycling  loads  which  dtiring  some  eclipses  come 
on  and  in  some  eclipses  they  don't.  So  the  minimum  voltage 
doesn.'t  always  ha  open  on  the  equinoxes. 

As  you  can  see  here,  we  had  a battery  heater  which 
was  switched  off  at  about  ten  minutes,  The  temperature  was 
high  enough  that  we  didn't  need  it. 

(Figure  26-4  ) 

Here  we  have  tabulated  the  minimum  average  battery 
voltages  that  I pointed  out  on  the  last  slide.  He  have  the 
individual  battery  voltages  here,  he  average  tliese  to  corns 
up  with  an  average  battery  voltage,  end  then  we  have  an 
average  cell  voltage  which  is  the  average  battery  voltage 
divided  by  22. 

These  individual  battery  vcltages  are  themselves 
averages.  We  have  two  telemetry  units,  and  we  average 
these. 
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In  the  past  we  used  to  take  the  battery  voltaaes 
from  one  telemetry  unit  or  the  other  and  we  had  a lot  of 
scatter  in  the  data.  So  we  went  back  through  all  the 
eclipse  seasons'  v;orth  of  data  and  averaged  the  two 
telemetry  values. 

The  most  important  thing  to  note  here  is  that  * 
between  the  first  eclipse  season  ana  the  last  eclipse  season 
-we've  cropped  about  .5b  volts  on  H-l,  and  on  F-2,  SATCOM  II » 
we've  cropped  about  .46  volts.  And  we  think  this  is  a very 
small  drop. 


(Figure  26-5  ) 

This  slide  shows  a little  more  dramatically  the 
small  drop  in  voltage.  We  have  plotted  the  minimum  average 
cell  voltage  versus  the  number  of  eclipses  here. 

Now  I should  do  some  explainino  about  the  F-2  data 

here. 


In  the  first  three  years  of  ooeration  of  F-2  we 
had  a blockage  which  prevented  our  sblaf  arrays  from  making 
a complete  revolution  each  day.  Up  et  the  top  of  this  slide 
here  is  a little  picture  of  our  spacecraft.  We  have  sun 
tracking  arrays  with  one  degree  of  freedom.  And,  as  I 
mentioned,  there  was  a blockage.  So  what  we  v-/ould  have  to 
oo  is  put  the  array  drive  motor  into  reverse  and  rewind  the 
array.  And  because  of  this  we  would  lose  oUr  solar  array 
power  end  go  on  to  the  batteries,  enc  we  would  have  about  a 
27  percent  depth  of  discharae  daily.  So  we  had  about  1000 
cycles  of  this  up  to  the  sixth  eclipse  season,  where  we 
discovered  that  the  blockage  was  no  longer  there  so  we 
terminated  the  daily  rewind  maneuver. 

The  way  that  v;as  affecting  the  data  here,  or  the 
voltages,  was  we  weren't  fully  charging  the  batteries  before 
each  eclipse.  At  least  that's  what  v.e  think  was  happening. 
Once  we  stopped  that  procedure  you  see  that  our  voltage 
jumped  right  up  here. 

There  were  also  several  other  things  that  might 
have  contributed  to  the  increase  in  voltage,  We  had  a’loac 
reduction  of  about  five  percent  ana  we  had  double 
reconditioning  performed  between  the  sixth  and  seventh 
eclipse  seasons. 
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We  also  had  a load  reductioh  after  the  tenth 
eclipse  season*  so  we  see  another  Jump  here.  That  was  about 
three  percent. 

Plotted  along  with  the  in-orbit  data  here  is  the 
predicted  voltage  degradation  curve.  Now  this  degradation 
curve  is  based  on  Crane  data  from  the  207-A  and  209-A  packs. 
The  207-A  pack  was  held  at  zero  degrees  ahd  was  discharged 
to  60  percent  of  rated.  And  the  209  pack  was  held  at  20 
degrees  and  also  discharged  to  60  percent  depth  of  discharge. 


This  curve  was  & best-fit  curve  to  these  data. 

I'd  also  like  to  point  out  our  minimum  voltaae 
required  for  full  oayload  operation.  As  you  see,  we're 
Quite  a ways  from  that.  Barring  any  shorts  or  events  like 
that  we  should  meet  our  aoal  of  16  eclipse  seasons  or  eight 
years  in  orbit.  We're  pfetty  optimistic  at  this  point. 

(Figure  26-6  ) 

Since  I used  Crane  data  I thought  1 had  better 
provide  a comparison  here.  I'd  like  to  thank  Steve  Gaston 
for  the  data.  He  came  up  with  these  numbers. 

both  the  SATCOM  and  Crane  cells  are  GE  cells. 
They're  both  rated  at  12  ampere-hours.  The  measured 
capacities  are  different,  the  SAtCOM  batteries  are  at  14  and 
the  Crane  packs  at  16.  Average  discharge  currents  are  about 
S.4  to  5.9  for  the  SATCOM  Cells  and  6.0  amperes  for  the 
Crane  cells. 

If  you  take  into  account  the  total  positive 
electrode  surface  areas  here  it  works  out  to  an  equivalent 
oischarge  current  density*  57  to  40  for  the  SATCOM  and  33 
for  the  Crane  cells. 

I guess  the  only  other  thino  I'd  like  to  point  out 
here  are  the  depths  of  discharge  based  on  rated.  We're 
seeing  53  to  5B  percent  depth  of  discharge  whereas  the  Crane 
ceJlsare  seeing  60  percent.  And  based  on  measured*  our 
depths  of  discharge  are  46  to  50  percent  versus  45. 
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Pd  also  like  to  point  out  that  we  have  teflonated 
negative  electrodes  whereas  the  Crane  cells  do  not. 

Pd  Just  like  to  summarize,  l^e  think  our 
batteries  are  performing  very  well  here.  We're  optimistic 
about  getting  our  mission  objective,  cf  eight  years  of 
operation.  We  attribute  the  good  performance  so  far  to  four 
things*  The  method  of  reconditioning,  which  is  ddwn  to 
about  .1  volts  per  cell;  the  trickle  charge  storage  during 
the  non-eclipse  seasons;  the  low  average  battery 
temperatures  — the  yearly  average  is  about  12  degrees  — 
and  the  teflonated  negative  plates. 

We  think  RCA  Astroel ec tron ics  has  given  us  a good 
battery  system. 

Any  questions? 

DISCUSSION 

IHIEHFELDER  (General  Electric)*  Dave,  is  it  right 
to 'conclude  that  while  all  of  the  TWTs  were  operating  tliere 
was  no  payload  reduction? 

STEWART*  Well,  as  I noted  on  the  SATCQM  II 
curves,  we  had  some  load  reduction.  We  had  a five  percent 
and  three  percent.  They  were  TwTA  loads  that  we  turneo  off. 
We  have  21  operating  on  SATCQM  .11  anc  23  on  SATCQM  I. 

HENDEE  (Telesat,  Canada)*  You  indicated  you 
normally  returned  following  eclipse  at  C over  20  but  that 
you  occasionally  used  the  C over  10.  whet  were  the 
indicators  for  going  to  the  C over  10? 

STEWART*  Whenever  we  needed  to  have  a fast 
recharge.  There  are  certain  times  when  we're  power  limited 
and  we're  pressed  for  time,  so  to  get  fully  charged  before 
the  next  eclipse  we  used  the  C over  10. 

HENDEE*  You  don't  seouence-cherge,  do  you? 

STEWART*  When  we  use  the  C over  10  we  do 

seouence. 

HENDEE*  You  do  sequence? 
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STEWARTS  \es. 

HENDEEs  Why  don-'t  you  use  that  ail  the  while?  We 
have  the  same  bird,  but  we  use  the  C over  10  senuence,  which 
I find  extremely  nice. 

STEWARTS  Okay. 

I believe  you  have  an  automatic  sequencer,  whereas 
ours  would  be  a manual. 

HENDEES  Lazy. 

STEWART*  That's  it,  we're  lazy. 

Any  more  Questions? 

FORD  (Goddard) i Ed  Hendee,  by  sequence  you  mean 
you  charge  one  battery  for  a while  and  then  charge  another 
battery  for  a while?  Is  that  what  you  mean?  Or  bi-level 
charging,  C over  1 0 to  C over  20? 

HENDEE*  No,  we  actuaJly  charge  for  five  minutes 
at  C over  10,  literally  open  circuits  for  the  ten  minutes. 

We  just  commutate  around  through  the  batteries. 

I know  other  people  have  caiieo  me  up  and 
inquired,  are  you  not  worried  about  hydrogen  generation  and 
a few  other  things.  In  my  lab  1 have  a fairly  rigorous  test 
going,  as  you  can  well  imagine,  and  I am  seeing  no 
significant  pressure  buildup.  I think  that  we're  running 
• — '1  think  our  maximum  pressures  are  about  22  psia,  probably 
a total  minimum  to  maximum  of  about  five  pounds. 

FORD*  But  in  recent  work  --  well,  in  previous 
workshops  there's  been  quite  a controversy  about  that  matter 
of  seouential  charging,  as  you  know. 

HENDEE*  I know  that. 
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BATTERY  DESIGN/HISTORY 


IN  ORBIT: 
BATTERY: 
CHARGING: 

OVERCHARGE 

PROTECTION: 

TEMPERATURE: 

RECONDITIONING: 


Satcom  l•Dec•mb•r  1975  (12  Ecllpaa  Saasont) 
Sateom  tl>Mareh  1976  (11  EcNpta  Statons) 

Thraa,  22  Coll,  12AH  NiCd 

Normal  C/20  -Eclipta  Saatont 
High  C/10  -Raeonditioning 
Trickla  C/60  — ln*Orbit  Storaga 

V/T-SIngla  Curva  (C/10  Rata  Only) 

0 To  15*C  During  Eclipsa  Saason 
Individual  Call  Bypass,  To  0.1  V/Call 


Figure  26-1 
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SATCOM  I ECLIPSE  BATTERY  DISCHARGE  - S/22/81 


ItCil  i 

SATCOM  II  ECLIPSE  BATTERY  DISCHARGE  • 9/22/S1 


Figure  26-2 


Figure  26-3 
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MN?MU«r  kyZRAQE  CELL  VOLTAGE  (VOLTS) 


noil 


RU  SATcon  niAinin  aveiaoe  battery  voltage  durihg  eclipse 

««0«*  IATCOM  Fl  ' ■'  *1*  ' lATCOM  f2  ' ' 


*11 

*i2 

*i3 

*AV« 

*AV0/CILL 

*•1 

*l2 

*»3 

*AV« 

*AV0/CELL 

1 

26.56 

26.71 

26.95 

26.57 

1.208 

26.61 

26.98 

26.92 

26.50 

1.205 

2 

26.27 

26.35 

26.97 

26.36 

1.199 

26.36 

26.18 

26.11 

26.22 

1.192 

3 

26.26 

26.92 

26.27 

26.32 

1.196 

25.97 

25.99 

25.90 

25.95 

1.180 

t| 

26.26 

26.92 

26.27 

26.31 

1.196 

25.97 

25.93 

25.90 

25.93 

1.179 

5 

26.20 

26.90 

26.25 

26.29 

1.195 

25.81 

25.78 

25.75 

25.78 

1.172 

6 

26.13 

26.29 

26.11 

26.18 

1.190 

25.81 

25.75 

25.75 

25.77 

1.171 

; 

26.05 

26.23 

26.18 

26.16 

1.189 

26.96 

25.38 

26.31 

26.38 

1.199 

S 

26.b4 

26.23 

26.08 

26.12 

1.187 

26.36 

26.22 

26.11 

26.23 

1.192 

9 

20.09 

26.29 

26.17 

29.19 

1.191 

26.29 

25.99 

26.10 

26.11 

1.187 

10 

25.92 

26.13 

26.13 

26.06 

1.189 

26.19 

25.96 

25.93 

26.01 

1.182 

u 

25.99 

26.16 

26.08 

26.08 

1.185 

26.32 

26.15 

25.96 

26.19 

1.188 

12 

25.92 

26.12 

26.03 

26.02 

1.183 

AU  1UMl%  AM  tN  VOLtt 


Figure  26-4 


non 

MINIMUM  AVERAGE  CELL  VOLTAGE  DURING  ECLIPSE 
VS  NUMBER  OF  ECLIPSE  SEASONS 


I.l2h 


1-  Sotcoffl  P2*Afttf  CtHpit  No.6. 27%  DOO  Dolly  OltehOrgo  Tormlnolid, 

Lootf  Ridueod  6%,  Doubl«*Rte«AdltleAint  Poformod 

2- $fltcom  72-A(lor  EellpM  No.  10,  Lbod  Rodueod  S% 

S'Voitoo#  Oogrododdn  ProdletioM  Boiod  On  Avorogo  Porformonco  01 
Crono  Botury  Pock  207A  (0*0  ft  209A  (20*0.«0%000 


SB  7 8 B 10  II  12  13  14 

NUMBER  OP  ECLIPSE  SEASONS 


Figure  26-5 


DESIGN  COMPARISONS 

DRESCRIPTION 

SATCOn  71  t F2 

CRAKE  TEST 
PACK  20TA  1 209A* 

CELL  fUNUFACruRER 

GC  (GENERAL  ELECTRIC) 

G.E. 

RATED  CAFACITV  (A.H.) 

12 

12 

MEASURED  CAFACITY  (A.H.) 

19 

16 

AVQ  DISCHARGE  CURNENT  DURING 
ECLIFSC  (anF.) 

S.9-5.9 

6.0 

CAFACiTT  REMOVED  AT  MAI. 
fiCLlFSE  (A.H.) 

6.9-7.0 

7.2 

AFFROXINATI  PERCENT  S.0.0. 
AT  MAX.  ECLIPSE 
• BASED  ON  RATED  CAPACITY 

53-58 

60 

• BASED  ON  MEASURED  CAFACITV 

96-50 

95 

TOTAL  POSITIVE  CUCTROOC 
SURFACE  AREA  (INO 

199 

182 

DISCHARGE  CURRENT  DENSITY 
(na/in2) 

57-90 

33 

NEGATIVE  ELECTRODE 
TREATMENT 

TEFLON 

NONE 

OUANTITV  OF  ELECtROLTTe  (CC) 

35 

95 

CC  CLCCTRO/AH  MEASURED  CAP. 

2.50 

2.81 

CC  ELECTRO/AH  POSITIVE 

2.39 

2.37 

CLCCTNOCHfH  CAP 

NOTC:  *REPCRENCC:  J.D.  HARKNES8.  RESUltS  OF  CONTINUOUS  SYNCHRONOUS  ORBIT  lESTlNG  ON 
SEALED  Nl-CO  CELLS.  NAVAL  NEAPON  SUPFORt  CENTER. MOEC/C 
JUNE  9.19/7  ANO  PRIVATE  COHNUNICATIOR  HlTH  I.  CASTOR 


Figure  26-6 
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UPDATE*  VIKING  LANDER  NiCd  BAT TER  IE?  - YEAR  SIX 


A.  Britting 
Martin  Marietta 

(Figure  27-1  ) 

I would  like  to  discuss,  as  Dave  Baer  introduced, 
the  performance  of  the  NiCd  batteries  on  the  Viking  Mars 
landers  that  were  built  by  Martin  Marietta  at  Denver.  They 
were  both  launched  in  1975.  They  cruised  for  11  months. 
Three  of  the  four  batteries  on  each  lander  were  maintained 
in  the  discharged  state,  v/ith  a 19.3  K ohm  resistor  tied 
across  each  battery  for  telemetry  purposes.  The  Landers 
touched  down  on  the  Martian  surface  in  July  and  September  of 
1976  for  a planned  90-day  mission. 

We  are  currently  in  the  1900th  day  of  that  90-day 
mission  on  Viking  Lander  I.  The  Viking  Lander  2 mission 
terminated  two  years  ago. 

(Figure  27-2  ) 

On  board  each  lander  were  lour  24-cell,  eight 
ampere-hour  NiCd  batteries.  For  weight  savinos  we  used  two 
batteries  per  battery  assembly,  and  then  two  assemblies  per 
spacecraft . 

Each  battery  weight  was  50-1/2  pounds.  Because  of 
a planetary  quarantine  requirement  we  were  forced  to 
sterilize  the  batteries,  the  entire  spacecraft,  as  a matter 
of  fact',  for  54  hours  at  233  degrees  Fahrenheit.  This 
caused  us  to  select  Pellon  FT2140  nonwoven  polypropylene 
separator  materiel. 

The  cells  were  manufactured  by  GE.  Prior  to 
launch  we  did  have  individual  cell  monitoring  for  all  the 
prelaunch  testing  we  did,  and  the  conditioning  we  did  on  the 
batteries.  However,  after  launch,  all  we  had  was  battery 
terminal  voltage  and  battery  temperature  for  monitoring 
purposes . 


Following  the  landing  the  batteries 
500  discharge/recharge  cycles  in  the  range  of 
percent  depth  of  discharge.  The  remeinder  of 


experi enced 
10  to  40 
the  cycles  to 
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date,  which  are  In  excess  of  10,000  now,  have  been  less  than 
five  percent  depth  of  discharge. 

Ihe  battery  charge  regime  entails  charging  a 
battery  for  one  hour  while  the  other  three  batteries  are 
maintained  on  the  eouipment  bus  supplying  the  lander  loads, 
switching  that  battery  off  the  charge  bus,  connecting 
another  battery  to  the  charge  bus,  and  repeating  the  cycle 
in  one  hour  charge  increments  six  tires  a* day  on  each 
battery. 


(Figure  27-3  ) 

I']l  place  on  the  right-hand  screen  the  cell 
characteristics  without  discussing  them. 

(Figure  27-4  ) 

At  the  Aucust  1981  lECEC  conference,  I reported 
two  batteries  degraded  only  about  15  to  20  percent  and  the 
remeininn  two  batteries  degraded  67  percent.  I had 
identified  the  fact  that  we  had  been  doinci  a once  oer  37 
days  reconditioning  cycle  on  each  of  the  Batteries'.  One 
month  we  would  recondition  Battery  A,  the  next  month  we'd 
recondition  Battery  C,  the  next  month  Battery  b,  and  the 
following  month  Battery  D,  and.  beoin  five  months  later  on 
Battery  A aaain. 

At  that  time  it  appeared  that  we  had  arrested,  or 
at  least  had  significantly  reduced,  the  degradation  of 
batteries  C and  D by  going  through  this  regime. 

Ihe  batteries  are,  as  I said,  24  cells,  and 
oischarging  with  this  charge  regime  ooes  not  discharge  the 
battery  cells  below  1 volt  per  cell.  In  fact  we  discharge 
at  a C/5  rate  to  27.3  volts,  total  battery  voltage. 

Allowing  for^  some  imbalance,  some  of  the  cells  might  get 
below  1 volt  per  cell,  but  on  the  average  you  would  sav  I.l 
volt  per  cell. 

rte  recharge  at  C/8  until  such  time  as  we  either 
reach  a voltage  temperature  charoe  cutoff,  or  21  hours, 
depending  on  the  equipment  bus  load. 

(Figure  27-5  ) 
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This  is  a typical  discharge-recharqe  conditioning 
cycle  that  we  use,  V^e  connect  a 19.2  ohm  resistor  across 
the  battery  terminals,  discharge  the  battery  to  the  27.3 
volts  cutoff  level.  We  allow  a seven-hour  period  for 
this  to  occur.  But  once  the  low  voltage  cutoff  does  occur, 
we  'just  wait  for  the  remainder  of  the  seven-hour  period  to 
elapse  and  then  begin  recharge.  In  this  case  it  was  cutoff, 
charge,  cutoff;  do  nothing  then  for  the  remainder  of  the 
21 -hour  period  that  began  with  charge,  and  then  begin  the 
regular  one-hour  charge  sequence  all  over  again. 

(Figure  27-6  ) 

Performance-wise,  the  batteries  on  Viking  Lander  1 
have  been  subjected  to  one  ampere  discharges  for  one  hour 
about  once  per  week.  Three  of  the  four  batteries  would 
experience  this,  the  three  that  are  normally  on  the 
equipment  bus  while  one  is  being  charged. 

In  the  past  the  peak  discharges  have  been  to  as 
much  as  15  percent,  depending  on  the  amount  of  voltage 
imbalance  between  the  three  batteries  and  how  they  are 
sharing.  The  recharge  rate  was  C/fc.  This  is  in  addition  to 
the  once  per  month  reconditioning  cherges  that  we're  doing. 

The  results,  as  I reported  at  the  lECEC,  were  a 
little  degradation  on  two  batteries,  two  other  batteries 
being  degraded  by  67  percent,  and  1 Identified  unequal  load 
sharing  between  the  battery  pairs.  Batteries  C and  D did 
not  supply  as  much  of  the  equipment  bus  load  as  the  two  less 
degraded  batteries,  and  there  existec  a significantly  higher 
operating  temperature  on  the,,  weaker  batteries. 

(Figure  27-7  ) 

Early  in  November  we  obtained  a new  data  point  for 
battery  D,  and  the  important  points  ere  right  over  there: 

1,1  ampere-hours,  1.12,  to  be  exact,  compared  to  over  3 
ampere-hours  measured  in  the  five-month  prior  conditioning 
cycle.  Batteries  A end  B are  stijl  staying  on  track. I aid 
neglect  to  put  a data  point  at  the  end  of  the  A curve  that 
showec  the  last  A data  point  that  I had  is  7.1  ampere-hours, 
which  is  still  very  hioh. 

Part  of  what  has  happened  is  that  because 
Batteries  C and  D are  typically  on  the  eauipment  bus  with 
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either  a Battery  A or  a Battery  B that  are  in  excellent 
condition,  A or  B,  if  I may  use  the  v^ord,  hog  the  loed,  They 
supply  the  majority  of  the  equipment  bus  load,  and  these  two 
batteries  don't  even  get  the  little  bit  of  benefit  of  any 
discharging  that  might  occur  if  they  were  at  least  eoual 
voltage  and  they  could  share  the  load.  They're  not  doing 
any  sharing,  and  Batteries  A and  B are  getting  themselves  in 
better  condition  at  this  time;  Batteries  C and  D are 
dragging  themselves  down. 

Couple^  with  this,  at  this  time  at  about  1700  days 
after  launch,  the  equipment  mounting  plate  was  at  about  40 
to  50  degrees  Fahrenheit  on  a diurnal  cycle.  We  are  now  in 
a 55-  to  65-degree  Fahrenheit  diurnal  cycle  here,  so  we're 
seeing  the  effect  of  increased  temperature  lowering  the  battery 
terminal  voltage  and  giving  us  a lower  starting  point.  For 
our  reconditioning  cycles,  we're  obviously  going  to  get  fewer 
ampere-hours  out  of  the  battery. 


(Figure  27-8  ) 

During  the  time  that  we  do  a conditioning  cycle  as 
I showed  in  the  previous  graph  like  this  one,  I showed 
battery  A being  reconditioned.  This  is  a plot  of  Battery  B, 
end  the  next  two  will  be  Batteries  C and  D of  their  open 
circuit  performance  for  the  2B  hours  that  they're  not  being 
charged  or  discharged  but  just  sitting  idle,  attached  to  the 
equipment  bus. 

You'll  see  that  battery  B,  which  is  the  other  good 
battery,  drops  approximately  one-hall  volt  in  the  28-hour 
period. 


(Figure  27-9  ) 

This  Vugraph  shows  Battery  C,  the  first  of  the 
weaker  batteries,  dropping  approximately  2-1/2  volts  in  that 
same  period,  which  appears  to  be  implying  perhaps  parasitic 
shorting  is  occurring. 

(Figure  27-10  ) 

Battery  D actually  drops  exactly  three  volts  over 
that  same  28-hour  period.  So  Batteries  C and  D seem  to  be 
possibly  suffering  a cadrnium-migraticn  problem,  — I'm 
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guessing  - — ultimately  resulting  in  parasitic  shorts. 

(Figure  27 -.1  I ) 

1 proposed  to  JPL,  and  it  is  now  being  proposed  to 
NASA  Headquarters t that  I be  allowed  to  go  in  and,  at  the 
suggestion  of  Dr.  Milliard  Scott  of  TOW,  amona  others, 
perform  some  very  close-together,  deep-discharge 
reconditioning  cycles  on  the  Batteries  C and  D,  designing 
the  cycles  such  that  they  can  be  performed  on  Batteries  A 
and  b if  I ever  need  to,  but  mainly  to  perform  the 
deep-discharge  reconditioning  cycles  on  Batteries  C end  D as 
a minimum. 


The  spacecraft  can  operate  with  only  two 
batteries.  Ihe  two  batteries,  C and  D,  being  significantly 
oegraded  — and  we'^re  approaching  Martian  sum.mer  at  this 
time  — lead  us  to  the  point  where  we-'re  goino  to  be  unable 
to  get  any  eneroy  from  Batteries  C and  D to  do  any 
reconditioning  to  27.3  volts.  I honestly  believe  we-'re 
going  to  drift  down  to  that  point. 

About  the  first  time  we  connect  a 19.3  ohm 
resistor  across  one  of  those  batteries  wee'll  sense 
undervoltage  and  each  battery  will  be  automatically 
disconnected  from  the  reconoi tioning  cycle. 

Rather  than  read  through  all  of  this,  as  I say 
we^re  rapidly  approaching  Martian  surr;mer,  which  is  going  to 
elevate  the  equipment  mounting  plate  temperature.  That's 
about  a hundred  days  away  right  nov;.  When  that  happens 
Batteries  A and  B will  be  operatino  at  about  50  to  60 
degrees.  Batteries  C and  D will  probably  be  in  a 70-  or  75- 
or  maybe  as  high  as  90-degree  environment.  So  I'm  concerned 
about  this,  and  I have  reouested  permission  to  oet  these 
batteries  reconditioned. 

What  I plan  to  do  is  this,  and  when  I finish,  I 
would  appreciate  any  comments,  constructive  or  whatever. 

Let  me  take  Battery  D first,  because  I have  a 
known  weakened  condition  on  that,  I would  like  to  discharoe 
it  for  at  least  four  hours  with  a 19.3  ohm  resistor  across 
its  terminals,  and  then  terminate  that  discharge,  recharge 
it  at  C/B,  get  the  data  back  from  the  lander  which  will  take 
about  a week  — it  gets  recorded  on  a tape  recorder,  and  the 
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next  time  I get  information  is  a week  later  throuoh  the  Deep 
Space  Met  — analyze  the  data  for  a week,  and  then, 
everything  looking  good,  uplink  the  next  command  to  repeat 
that  same  sequence,  ana  do  that  for  a total  of  three  times. 

I understand  in  talking  with  some  of  our  experts 
at  previous  conferences  here,  that  doing  several  of  those 
reconditioning  discharge-recharge  cycles  can  possibly  bring 
back  these  batteries  significantly. 

In  addition  to  that  I do  have  some  experience  with 
reconditioning  the  Viking  Lander  2 batteries.  All  four 
batteries  on  Viking  Lander  2 saw  excessively  high  tempera- 
tures for  a 137-day  period  late  in  the  Viking  Lander  2 ex- 
tended mission.  I did  experiment  with  deep  discharges, 
seven-hour  timed  discharges,  with  a 19.3-ohm  resistor. 


And  with  doing  two,  seven-hour  timed  discharges 
within  a 90-oay  period  on  one  battery  1 was  able  to  recover 
almost  three-quarters  of  the  capacity  that  I had  lost.  So 
the  batteries  seemed  to  respond  to  this  type  of 
reconditioning  scheme. 

However,  I'm  starting  the  reconditioning  at  a 
lower  remaining  energy  condition  on  these  batteries  than  I 
did  with  Viking  Lander  2.  When  I started  on  the  program  on 
Viking  Lander  2,  I had  3 ampere-hours  minimum  in  any  of  the 
batteries  and  as  high  as  4-1/2  ampere-hours. 

Here  I'm  starting  with  1.1  ampere-hours.  I don't 
know  how  far  I dare  push  the  battery  before  I permanently 
reverse  the  cell.  I recognize  in  four  hours  of  discharge  I 
will  in  all  probability  reverse  some  cells.  But  with  the 
battery  terminal  voltage  going  down,  and  with  a fixed 
resistance  across  the  battery,  I don't  think  ~ and  again 
I'm  saying  "think"  purposely  — I'm  discharging  a battery  at 
a high  enough  rate  to  permanently  re\erse  the  cell. 

HENDEE  (Telesat,  Canada)*  Tell  you  what,  even 
when  you  can  see  the  battery  voltages  and  know  what's 
happening,  you're  probably  goino  to  reverse  the  cell.  I 
, tell  you,  I've  got  two  sateJlites  up  there,  and  I'm  going  it 
two  or  three  times  every  week,  conditioning  per  battery. 

And  I'm  lucky.  I've  lucked  out  that  we've  been  able  to  bring 
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them  back.  You'll  probably  luck  out.  Try  it 


(Figure  27-12  ) 

BRITIING*  For  your  information  I happen  to  have 
brought  the  Lander  2 curve  that  I presented  at  the  lECEC. 

The  longest  curve  here  that's  flat*  going  all  the  way  out  to 
this  point,  is  the  energy  that  remained  in  the  battery  at 
the  Earth-Mars  cruise  time  period.  It  turns  out  to  be  9.13 
ampere-hours . 

rte  discharged  that  battery  for  6.3  hours,  to  the 
27.3-volt  cutoff  level  and  got  9.13  empere-hours  out  of  it. 

SQL-547  ■ — SOL  is  the  Martian  solar  day.  It's 
24.7  earth  hours  long.  SOL-547,  or  b47  Martian  days  later, 
we  obtained  8.15  ampere-hours  to  27.3  volts.  On  SQL-777  -- 
this  was  after  we  had  seen  this  137-day  period  at  elevated 
temperatures  — we  got  only  2.12  ampere-hours  out  of  this 
battery. 


Ninety  days  later,  just  to  see  what  was  happening, 

1 think  we  did  experience  some  recovery.  There's  an 
indication  we  had  done  some  recovery  from  SQL-777  to  SOL-858 
because  you  see  almost  one  additional  ampere-hour  out.  But. 
you  must  keep  in  mind  the  battery  temperature  in  the  earlier 
cycle  was  57  degrees.  . Here  it's  40  degrees  so  there  mav  not 
have  been  any  gain  other  than  the  fact  that  the  battery  being 
colder,  the  terminal  voltage  on  the  battery  was  higher  and 
the  colder  temperature  was  responsible  for  obtaining  a frac- 
tional additional  ampere-hour  out  of  the  battery. 


One  week  later  we  performed  our  first  seven-hour 
timed  discharge  to  27.3  volts.  We  obtained  5.11 
ampere-hours  out  of  the  battery.  At  the  end  of  seven  hours 
we  were  at  9.88  volts. 

Ninety  days  later  we  repeated  that  seven-hour  test 
and  we  got  6-1/2  ampere-hours  to  27.5  volt  discharge  cutoff. 
We  recovered  another  1-1/2  ampere-hours.  The  temperatures 
there  are  fairly  comparable,  and  the  battery  discharged  only 
to  1.8.04  volts  in  that  seven  hours.  Notice  possible 
evidence  of  a second  plateau  on  the  last  discharge  cycle. 

This  was  the  experience  on  Viking  Lander  2,  but 


333 


that  mission  did  terminate  early  because  of  loss  of  the 
Viking  Orbiter  that  1 needed  to  relay  my  data  back  to  Earth. 

One  thing  I might  point  out,  as  you  see  the 
voltage  decaying  in  the  first  seven-hour  timed  discharge,  we 
might  be  seeing  evidence  of  cell  reversals  there,  there,  and 
maybe  there,  maybe  one  right  there.  (Indicating  inflection 
points  in  the  discharge  curve.) 

HENDEE*  Theta's  what  I was  going  to  point  out.  You 
have  one,  two,  three,  four,  five  reversals  in  there 
probably. 

BRITTING*  And  we  did  come  back. 

HENDEE*  You  got  them  back.  Our  satellites  are 
approaching  their  tenth  anniversary  here  in  another  month,  I 
think,  the  first  one.  Every  reconditioning  period  we  drop 
out  a cell.  You  can  see  it.  You  can  see  a discontinuity 
just  like  you  see  it  there.  You  can  see  the  cell  drop  out, 
and  our  capacity  was  just  going  to  hell  in  a hand  bucket 
again,  just  like  yours. 

We  had  to  make  a decision,  were  we  going  to  give 
up  a cell  to  recover  the  capacity,  the  voltac^e  on  the  other 
ceils,  and  we  said,  ''Yes,  we^’d  tfy  it."  So  we  went  and  we 
at  least  said  "We^re  going  to  go  intc  our  second  reversal 
without  any  qualms."  And  we^ve  been  recovering. 

BRITl'ING*  Do  you  have  the  capabilty  of  shorting 
across  a cell  that's  going  negative? 

HENDEE*  Mo,  I wish  we  did. 

BHITIING*  1 wish  we  did*  too. 

HENDEE*  We  have  no  protection  whatsoever. 

bHiTTING!  Hindsight. 

HENDEE*  No,  we  knew  about  it  when  we  did  it. 

WHTTINGs  We  probably  did,  too.  I wasn't  around 
at  that  time. 

KUNIGAHALLI  (Bowie  State  College)*  Could  you 
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kindly  comment  on  the  second  plateau  that  I see  on  the  curve 
there?  What  is  the  rate  of  charge  and  discharge  of  that 
curve? 


BRITTING*  Let-'s  see.  About  that  time  the  average 
discharge  rate  is  identified  right  here,  1-1/2  amps.  We 
start  out  at  roughly  1,6  amps.  By  this  period  in  here  we^re 
discharging  at  about  1,4,  We're  probably  discharging  at 
about  a 1,25  to  1,4  ampere  rate  by  that  point, 

KUNIGAHALLls  1 see.  Do  you  observe  this  second 
plateau  in  all  the  cells  that  are  SATCOM? 

ERITTING*  As  I say,  the  mission  ended  before  I 
was  able  to  get  sufficient  information  from  the  other 
batteries  so  I can't  honestly  say  that,  I'm  banking  a lot 
on  this  being  typical  of  all  the  batteries, 

KUNIGAHALLI*  Can  you  comment  on  why  the  second 
plateau  appears?  Do  you  have  any  suggestion  why  it's 
happening  there? 

BRITUNG*  I'm  not  a battery  expert.  Somebody 
' else  might  feel  free  to  comment  on  that. 
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BATTERY  CHARACTERISTICS 

2 - 2A-8AH  BATTERIES/ASSEMBLY 
2 - BAHERY  ASSEMBLIES/SPACECRAFT 
BAHERY  WEIGHT  50.5  LBS 

HEAT  STERILI2yVT10N  54  HOURS  § 233’F 

CHARGE  CONDITIONS 

VOLTAGE/TEMPERATURE  CONTROL 
C/15  - IN  CRUISE  FROM  VO  75 
C/160  - TRICKLE 

C/8  - TYPICAL  LANDED  OPERATION 
MONITORING 
TEMPERATURE 
BAHERY  VOLTAGE  3 
CELL  VOLTAGE  - GROUND  ONLY 

Figure  27-2 


Table  I Cell  Cbaracterlsclca 


Cell  Capacity 
Cell  Weight 
Cull  Size 

Case  Material 
Case  Wall  Thickness 
Insulated  Terminals 
Terminal  Type 

Auxiliary  Electrode 
Separator  Material 

Separator  Thickness 
Plate  Pack  Wrap 

Case  Liner 

Electrolyte 

Elcctrulytu  Cuncuntrut Ion 
Electrolyte  Quantity 
Plate  Substrate 

Sinter  Porosity 
Number  of  Plates 

Plate  Size  ’ 

Plate  Thickness 


8 A-h  (Rated) 

273  gm  - Lot  Average 

7.589  cm  x 2.27  cm  x 
8,651  cm  (Including 
terminals) 

304L  Stainless  Steel 
0,48  + 0,05  mm 
Positive  A Negative 

Nickel  Post  with  Ceramic 
Insulator  Ce  - all  Nickel 
- Braze 

None 

Pellon  FT2140  Nonvoven 
Polypropylene 

0,216  mm 

Pellon  FT2140  Nonwoven 
Polypropylene 

0,127  mm  Solid  Polypro- 
pylene Sheet 

KOll 

347. 

21,5  to  23,5  cc 

O.IOl  mm  Perforated  Steel 
Sheut 

802  Nominal 
POS  11 
NEC  12 

7,0  + 0,03  X 4,9  + 0,03cm 
POS  0,066  to  0,071  cm 
NEC  0,078  to  0.081  cm 


Figure  27-3 


TlM  - Days  Aftar  Launch  , 

, — a A»ara»a  LanAar  1 laltary  Capaetiv  aa  a Function  of  Tina  ’ 

Fxgure  27-4 


irioo 
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PERFORNWNCE 


Figure  27-5 


VIKING  LANDER  1 

0 DISCHARGE/RECHARGE 

■ 1 AMPERE  DISCHARGE  (C/8)  FOR  1 HOUR  ONCE/WEEK  ll»  DOOl 

- PEAK  DISCHARGES  TO  1» 

- RECHARGE  8 C/8  RATE 

- ONCE/5  MONTH  DISCHARGE  0 C/5  TO  27.3  VDC,  RECHARGE  8 C/8 
RESULTS 

- LITTLE  DEGRADATION  TWO  BATTERIES  - OCV  8 32-33  VDC 

- TWO  BAHERIES  GREATER  DEGRADATION  - OCV  8 30-31  VDC 

- UNEQUAL  LOAD  SHARING  BETWEEN  BAHERY  PAIRS 

- ID-15°F  HIGHER  OPERATING  TEMPERATURE  ON  WEAK  BATTERIES 


Figure  27-6 


TIm  • D«)r«  Aft«r  launch 

AvaT«t«  Under  t 8at:cry  Ctyactty  a*  a r.iMtlM  of  TU*« 
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B»TT£*.y  0«*.Tft.T 


Figure  27-9 
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PROBLEM 

. SPACECRAFT  CAN  OPERATE  WITH  ONLY  TWO  BATTERIES 
. TWO  BATTERIES  (C  6 0)  ST6H1F1CAWTLY  KOPA''E0  (601) 

. EACH  BATTERY  IS  RECONDITIONED  EVERY  FIVE  MONTHS  (DIFFERENT  BATTERY 
EVERY  57  SOLS) 

. PRESENT  ONBOARD  RECONDITIONING  SCHEME  ONLY  RETARDS  R/ATE  OF 
DEGRADATION 

. ELEVATED  S/C  TE^'Pf.RATURES  DURING  MARTIAN  SUMMER  (SOL  199H)  AGGRAVATE 
PROBLEM 


PROPOSAL 


DESIGN  UPLINK  TO  ALLOW  MORE  FREQUENT,  GREATER  DEPTH  OF  DISCHARGE 
RECONDITIONING  CYCLES 

PERFORM  RECONDITIONING  SEVERAL  TIMES  ON  ONE  OF  WEAKER  BATTERIES,  ANALYZE 
RESULTS 

PERFORM  RECONDITIONING  ON  REMAINING  WEAKER  BATTERY 

FLIGHT  SOFTWARE  CHANGE  TO  REMAIN  IN  FLIGHT  COMPUIFR  FOR  FUIURE  USE  ON  ANY 

BAIIFRY 

REPOpr  prsuLis 


kb  I - 
mm 


• - 4 ‘ •{  _ . r ' ' i T 

_«!raLJ 1-:: I I jii_ 1 ]: ...j. 


Figure  27-11 

»«.«>»  'mm  r*«  M—  » 


Figure  27-12 
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GPS  ON-OHBIT  BAITEPY  PERFORMANCE 


J.  Kasten 
Rockwell 

(Figure  2b-l  ) 

The  CPS  system  has  three  General  Electric 
batteries.  There  are  16  cejls  in  series,  and  at  25  degrees 
the  rated  capacity  is  around  18  amp-hours.  These  three 
batteries  are  wired  together,  and  during  the  eclipse  period 
•they  are  discharaed  through  parallel  diodes  into  a boost 
converter  which  then  boosts  the  battery  voltage  up  to  the 
totally  regulated  bus  voltage  (27.4  V).  Each  battery  has  its 
individual  charger,  and  the  system  life  is  supposedly  good 
for  about  five  years. 

To  Just  give  a little  pre-flight  history  on  these 
batteries,  the  age  of  all  of  the  batteries  varied  around  20 
to  38  months  at  launch,  ana  this  consisted  of  around  20 
months  of  cell  test  (time  from  activation)  battery  fab  time, 
and  space  vehicle  test  time.  The  balance  of  the  time  was  in 
cold  storage.  The  cell  test  and  battery  fab  was  what  I 
classified  as  time  at  GE.  That^s  from  the  fill  time  at 
Gainesville.  There  was  approximately  eleven  months  on  these 
batteries.  The  space  vehicle  test  on  these  vehicles  that 
I'm  showing  is  around  nine  months.  We  store  them  at  five 
degrees  C in  a discharged  state,  open  circuited. 


The  vehicles  that  I'm  showing  here,  all  of  these 
batteries,  when  they  were  stored  in  cold  storage  they  were 
open  circuited. 

The  battery  during  space  vehicle  test  was  in  use 
or  maintained  on  a trickle  charge.  The  approximate 
temperature  range  was  arouno  20"plus  or  minus  5 degrees. 
Sometimes  it  would  be  a couple  of  decrees  cooler,  sometimes 
a couple  of  degrees  warmer,  vvhen  they  were  on  trickle 
charge  they  were  either  charged  to  a VT  curve  — that's  a 
clamped  voltege/temperature  Uhe  next  chart  will  show  what  I 
mean  by  that)  or  else  it  was  a constant  current  charge  of 
around  130  milliamps.  . 

Ae  have  a hard  and  fast  recuirement  that  we  limit 
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the  open  circuit  time.  It  has  to  be  less  than  14  days.  In 
reality  we  usually  end 'up  with  one  or  two  days.  Most  of 
this  open  circuit  time  is  accumulatec  durinc  vehicle 
transportation  from  one  test  facility  to  another. 

A deep  reconditioning  is  performed  on  the 
batteries  every  four  months.  Just  prior  to  shipping  our 
vehicle  up  to  Vandenberg  we  do  a deep  reconditioning  which 
is  within  six  weeks  of  launch.  At  this  point  the  batteries 
ere  taken  down  to  first  cell  voltaae  of  I.l  at  a fast  rate 
and  then  there  are  individual  resistors  placed'  across  each 
cell  until  the  cell  voltage  is  less  than  20  rnv. 

Our  battery  flight  history.  The  GPS  orbit  is  a 12 
hour  orbit.  It  has  a 20  day  eclipse  season  twice  each  vear. 
Max  eclipse  is  55  minutes,  and  the  eclipse  time  roughly 
follows  the  sine  curve. 

The  flight  battery  temperature  except  on  one 
battery  on  each  vehicle  is  maintained  within  zero  to  five 
degrees  C.  That  was  our  goal  with  the  exception  of  one  of 
the  three  batteries  which  operates  at  zero  to  30  degrees,  or 
a little  bit  more,  actually,  zero  to  about  35  now.  Ihe 
batteries  are  charged  to  a v/T  curve,  and  this  equates  to 
arounc  i 00  inilliamps  at  two  degrees  C.  he  perform  a shallow 
reconoit ioninq  — theta’s  toKing  the  battery  voltage  down  to 
17.6  volts  — prior  to  each  eclipse  season. 

(riqure  2b~2  ) 

This  is  a picture  of  our  battery.  The  battery  is 
mounted  to  the  vehicle  with  these  mounting  attach  points 
Iiere,  and  it's  thermally  isolated  from  the  vehicle. 

It's  not  shown  in  this  picture,  but  there's  a 
radiator  on  the  bottom  of  each  battery  --  a heat  rejection 
plate.  The  idea  is  that  the  heat  flov  out  of  the  battery  is 
through  the  radiator,  which  looks  at  deep  space.  We  control 
the  temperature  of  the  battery  with  thermal  heaters, 
controlled  by  thermostats,  and  that  maintains  them  over  the 
zero  to  five  degree  range. 

(Figure  28-3  ) 

This  is  basically  our  V/T  curves.  Nominally  on 
V/T  curve  number  two  — this  one  right  here  • — and  if  the 
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battery  temperature  is  around  zero  decrees  or  two  degrees 
then  the  voltage  is  around  23  volts*  and  the  battery ' coming 
out  of  an  eclipse  period  is  charged.  When  the  voltage 

reaches  23  volts  the  current  is  clamped  back,  it  rapidly 
drops  off  and  enters  into  a taper  cherge  region  which  ends 
UD  to.be  about  100  milliamps  after  about  24  hours  of 
charging. 


(Fiaure  28-4  ) 

This  is  kind  of  a gross  summary  of  the  data  that 
we  have  on  our  first  satellite  that  was  launched  on 
Washington's  birthday  back  in  '7b.  So  we're  approaching 
four  years  of  life  on  this  vehicle. 

The  data  I plotted  here  was  the  battery  capacity 
curing  the  reconditioning.  Basically  we  just  put  a constant 
resistive  load  across  the  entire  battery  ana  we  end  up  with 
about  a 150  mi  11 lamp  discharge  rate  at  18.5  volts.  This  load 
is  removed  wnen  the  battery  voltage  reaches  17.6  V. 

As  you  can  see,  on  all  of  these  batteries  we  have 
a relatively  constant  capacity  over  the  fliglit  history.  We 
have  shown  they  indicated  basically  no  degradation  at  a]l. 
we're  really  level.  There  is  some  ncise  level  back  ano 
forth  because  the  people  up  at  Sunnyvale  who  watch  the 
vehicle  don't  always  catch  it  right  at  the  point  in  time 
where  the  load  is  tripped  off. 

1 should  mention  the  reconcitionino  load.  When 
the  battery  voltage  reaches  17.6  volts,  as  I mentioned 
earlier,  it  is  automatically  removed.  And  so  they  alwavs 
don't  catch  it  at  that  time.  So  we  usually  back  off  to  the 
last  time  they  fine  it  — they  saw  that  it  was  still 
discharging.  Ano  this  can  vary  eight  hours  or  so. 

The  battery  number  three  which  sees  the  run  on  the  3 

first  four  vehicles  that  were  launched,  as  I mentioned 
earlier/ does  vary  in  temperature  range  of  0 to  30  degrees  C, 
and,  is  the  battery  that  our  thermal  people  blew  it  on. And 
the  radiator  surface,  which  is  coated  with  silver  teflon 
tape,  degraded  at  a lot  faster  rate.  The  alpha  on  it 
cegraded  at  a lot  faster  rate  than  was  anticipated  predicted 
back  in  '77  when  the  design  basically  was  done. 

And  so  within  about  six  months  after  launch  we 
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were  approaching  20  degrees  C and  now  it^s  up  to  3h.  I think 
it  has  pretty  much  leveled  off.  I think  it^s  degraded  about 
as  far  as  it's  going  to  degrade.  The  battery  is  swinging 
throuoh  a temperature  cycle  of  zero  to  about  30,  35  degrees 
every  12  hours.  But  on  these  batteries  — and  I'll  have 
another  vehicle  where  you  can  see  some  degradation,  quite  a 
bit  of  degradation  — but  on  this  one  we  have  seen  none. 

Ihe  lower  part  of  this  chart  is  a summary  of  the 
eno  of  eclipse  voltage  that  we  see  during  our  longest 
eclipse  period,  our  55-minute  eclipse  period.  I plotted 
the  battery  voltage  along  here,  which  refgrs  back  to  this 
chart  here.  You  can  see  it's  right  around  19.5  volts. 

These  numbers  down  here  are  the  currents  that  were 
being  drawn  out  of  the  battery  at  the  end  of  the  eclipse 
when  the  voltage  was  recorded. 

( Indicating. ) 

At  the  last  eclipse  period,  which  took  place  in 
A.pril,  the  last  eclipse  period  I have  plotted,  which  was 
April  of  '81  , our  battery  one  was  about  six  amps,  two  were 
6,1  amps,  and  battery  number  three  was  about  5.3  amps.  So 
you  can  see  the  thermal  effect  there. 

Also  on  battery  three,  since  it  is  getting  up  into 
the  high  temperatures,  they  are  managing  the  charging 
circuit  now,  A'e  have  an  automatic  cutoff  at  about  32 
aegrees.  However  a customer  is  a iittie  reluctant  to  rely 
on  that,  so  whenever  the  battery  gets  up  to  2b  decrees  they 
cut  off  the  charger.  So  battery  number  three  is  seeing 
significant  open  circuit  time  now. 

At  this  point  I will  identify  the  period  of 
time  (through  the  eclipse  period)  they  had  our  payload  in 
what  is  called  the  hioh  power  mode,  so  we  had  larger 
currents  which  are  identified  here,  end  that's  the  reason 
for  the  lower  voltage. 

(Figure  2fc-5  ) 

This  is  kind  of  a busy  chart  of  the  raw  data  showing 
each  eclipse  period.  Basically  these  are  the  numbers  used  in 
calculating  the  capacity  plotted  on  the  previous  chart. 

Ihe  other  reason  I'm  showing  it  is  we  also  calculate 
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the  average  discharge  voltage  for  each  battery.  And,  as  you 
can  see,  on  this  particular  vehicle  v-e  have  seen  little  drop 
in  the  discharge  voltage.  This  is  the  reconditioning 
discharge  voltage. 

Over  here  you  can  see  a drop  right  around  in  here. 

( Indicating. ) 

And  that  is  a point  in  time  where  we  went  to  a 
lower  charge  curve,  charge  curve  one,  if  you'll  recall  the 
V/T  curve  fioure. 

(Figure  2b~6  ) 

Vehicle  two  is  pretty  much  the  same  as  vehicle 
one.  v’<'e  have  seen  very  little  or  no  degradation  of  any  of 
the  batteries. 

□n  our  vehicle  number  three,  which  was  launched  in 
October,  October  7 of  '7b,  we  have  seen  some  deoradation. 
brattery  two  looks  real  good.  It's  pretty  much  flat,  still 
staying  at  an  a:rip-hour  calculated  capacity  of  around  23 
amp-hours  through  this  area. 

Battery  one  has  shown  a gradual  decline,  but  not  a 

whole  lot. 


battery  three,  though  — this  is  the  one,  again, 
that's  being  thermal  cycleo  — we  have  seen  a significant 
crop  after,  about  the  third  reconditi cning  period.  vNe  saw  a 
significant  drop.  And  the  ground  rules  that  we  have  set  up 
when  we  see  more  than  a six  percent  degradation,  they 
automatically  go  and  perforin  the  second  reconditioning 
cycle.  These  reconditioning  cycles  are  performed  within 
about  a week  or  a week  and  a half  of  each  other.  So  due  to 
the  -cemperature  cycling  end  everything  it  appears  that  we  do 
not  really  gain  that  much  in  capacity. 

Now  I ;ust  received  data  Friday,  and  it  has  now 
taken  another  six  percent  drop.  So  the  next  plot  shown  will 
be  right  about  in  here.  It  appears  we  ere  getting  some 
cearadation  on  battery  number  three,  which  is  probably  being 
caused  by  the  temperature  cycling. 

Again  the  eclipse  performance,  though,  this  is  the 
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plot  of  the  end  of  eclipse  voltage,  with  the  currents, 
he-'re  getting  fairly  good  current  sharing.  ( 

t'^ihat  will  happen  is  at  the  beginning  of  the  elipse 
we'Jl  get  very  little  sharing  with  battery  number  three  due 
to  the  temperature.  It^s  basically  off-line.  But  as  the 
eclipse  gets  into,  say,  five  or  ten  minutes  it  will  slowly 
start  picking  up.  And  by  the  time  we're  into  15  to  20 
minutes  the  discharge  current  is  near  the  final  value 
recorded. 


So  batteries  one  and  two,  as  the  man  from  Martin 
mentioned,  tend  to  hoc  the  load. 

(Figure  28-7  ) 

This  is  Just,  again,  detail  numbers  from  which  the 
capacities  were  plotted.  Voltages  on  this  batterv  again 
aopeer  to  be-  holding  out  very,  very  well. 

[lattery  number  three,  the  \oltaoe  showed  a drop 
when  we  went  to  charge  curve  one,  which  is  right  about  in 
this  perioo,  and  it^'s  orooned  a little  bit  more  here. 

( Indicat inc. ) 

Another  thing  I'll  point  out,  this  is  the 
reconditioning  load,  the  resistive  load  that  the  battery 
voltage  or  the  battery  is  reconditioneo  across. 

!''ie  ended  up  with  a mix  on  ege  of  batteries  on  our 
first  six  vehicles.  This  battery  number  one  happens  to  be 
one  of  the  older  batteries-  in  our  system  that  we  launched. 

It  was  approximately  3ti  months  old  at  launch  in  real  life. 
Ano  one  could  assume  that  may  be  some  of  the  reasons  why 
we're  seeing  some  of  this  degradation  here,  even. though  it 
is  minor.  It  ooesn't  show  up  on  sonie  of  the  other  vehicles. 
The  reason  for  the  age  mix  was  because  we  had,  again,  a 
design  change  after  we  had  received  another  number  of 
batteries.  So  in  trying  to  shuffle  things  around  we  mixed 
them  up.  We  don't  intentionally  assign  batteries  to 
vehicles  this  way. 


(Figure  2b-o  ) 


This  is  the  reconditioning  discharoe  curve  from 
the  third  vehicle,  battery  number  three.  Ihe  dashed  line  is 
basically  what  we  predicted  it  shoulc  be  based  on  previous 
test  data.  Our  first  reconditioning  (solid  line),  which  was 
held  May  ^79,  followed  that  line  down  fairly  close  and 
carrieo  right  out.  Vle're  coming  off  with  a fairly  sharp 
dropoff.  Where  this  ends  here,  that's  the  last,  data  point 
that  we  got  from  the  vehicle  monitoring.  It  should  not  have 
dropped  off  until  we  got  down  to  about  17  volts  down  in  this 
area. 

Then  in  November  of  '.bO  we  did  the  reconditioning 
and  had  a significant  decrease  in  capacity,  as  I pointed  out 
in  the  earlier  charts.  And  the  volteae  discharge  curve  was 
somewhat  depressed  from  what  we  had  seen  earlier.  And  also 
the  slope  at  the  end  hac  a very  soft  knee  to  it,  which  could 
Indicate  that  we  were  getting  some  cell  Divergence.  So  a 
second  recondi tioninc  was  performed.  And,  as  it  came  out, 
the  first  part  of  the  curve  looked  good  up  to  here.  We  saw 
all  the  things  you  would  expect  to  see  with  reconditioning, 
'ihe  voltage  plateau  hao  increased.  But  the  discharge  voltage 
still  dropped  off  early  to  a second  plateau.  And  on  this  we 
just  happened  to  luck  out?  they  were  watching  the  vehicle 
ana  waiting  for  it  to  trip,  and  we  had  a little  extension 
here  which  could  indicate  that  we're  seeing  a cell  drop  off 
right  about  here.  That's  the  weakest  ceJl. 

'Ihe  latest  date  from  this  battery  that  was  just 
received  shows  the  same  thing.  We  had  an  extended  period  of 
time,  around  nine  to  ten  hours,  where  we  had  dropped  down 
and  then  it  just  kino  of  held  its  own  for  about  another  ten 
hours  and  then  dropped  off.  And,  of  course,  we  were  sitting 
right  on  the  cutoff  point. 

(Fioure  2b-9  ) 

Our  fourth  vehicle,  which  was  also  launched  back 
in  '78,  December  .llth,  again  battery  number  three  capacity 
is  dropping.  1 don't  know  if  there's  anything  you  could  say 
here  or  not,  but  it  seems  like  when  ve  old  the  two 
reconoit ioni ng  cycles  the  next  time  up  seems  to  hold  its 
own.  It's  a sample  of  two,  I guess,  bn  these  two  vehicles, 
but  we're  kind  of  looking  forward  and  watching  that  later 
on . 

Again  the  discharoe  voltage  at  the  end  of  the 


eclipse  periods  are  fairly  level. 

(Fiaure  ) 

Ihis  is»  the  detailed  capacity  information  for  our 
fourth  vehicl?.  The  voltages  basically  have  remained 
unchanged  for  these  two.  We^’ve  seen  some  drop  here  again 
because*  I don^t  have  it  noted  here*  but  we  are  on  charge 
curve  one. 


We  have  two  other  vehicles  in  orbit  that  were 
launched  in  1980,  and  we  have  seen  no  capacitv  degradation 
on  those  batteries.  And  we  resolved  our  battery  three 
problem  of  temperature  cycling  by  redesigning  the  battery 
radiator  system.  Now  on  our  vehicles  all  the  batteries  are 
maintained  over  a zero  to  five  oegrees  temperature  range. 

Any  questions? 
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GPS  BATTERY  DATA 


• MANUFACTURER  - GE 

• 16  18AH  CELLS 

I BATTERY  PRE  FLIGHT  HISTORY 

• AGE  AT  LAUNCH  RANGED  FROM  20  TO  38  MONTHS 

- 20  MONTHS  OF  CELL  TEST/BATT  FAB/SV  TEST  TIME 

- CELL  TEST/BATT  FAB  - 11  MONTHS 

- SV  TEST  - 9 MONTHS 

- REMAINING  TIME  (IF  ANY)  WAS  IN  COLD  STORAGE 

- DISCHARGED 

- 5°C 

• BATTERY  SV  TEST  TIME 

- IN  USE  OR  MAINTAINED  ON  TRICKLE  CHARGE 

- 20°C 

- CHARGED  TO  V/T  CURVE  (CLAMPED  VOLTAGE/TEMPERATURE)  OR  CONSTANT  CURRENT  OF  150  MA 

- OPEN  CIRCUIT  TIME  MINIMIZED  TO  LESS  THAN  W DAYS 

- RECONDITIONED  APPROXIMATELY  EVERY  A MONTHS  AND  WITHIN  6 WLCKS  OF  LAUNCH 
I BATTERY  FLIGHT  HISTORY 

• 12  HOUR  ORBIT,  30  DAY  ECLIPSE  SEASON,  55  MIN  MAY  ECLIPSE 

• TEMPERATURE  MAINTAINED  OVER  0 TO  5°C  RANGE  (EXCEPT  WHERE  NOTED) 

• CHARGE  TO  V/T  CURVE  (»100  MA  AT  2°C) 

• SHALLOW  RECONDITIONED  (BATTERY  VOLTAGE  OF  17,5V)  PRIOR  TO  EACH  ECLIPSE  SEASON 


Saiviiii*  SytitiTif  Oi*i*ion  Rockwell 

Spact  Syatema  Croup  Int6fn8tl0n8l 

Figure  28-1 


Figure  28-2 


349 


V/T  CURVES  FOR  BATTERY  CHARGING 


1 OF  THE  H V/T 
CHAHGE  CURVES 
SELECTED 


I NOniNALLY  V/T  CURVE  2 IS  SELECTED 

• BATTERY  VOLTAGE  IS  CLAHPED  AT  TEHPERAIURE  (CHARGE  CURRENT  TAPERS) 

liMIMt  tirttm*  OnntiM  ROCkiMlI 

•••c*  WJ^  InItmattontI 


Figure  28-4 


Figure  28-3 


NAVSTAR  I BATTERY  RECONDITIONING  DATA 


Figure  28-6 
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NAVSTAR  III  BATTERY  RECONDITIONING  DATA 
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23.07  11.46  IH6.I4  ^ 

• ( z*c  T»  2o*c  rr/^) 

ac.is*  11.48  ISZSS'^ 

eu4v«  "/  ^a*6  T* 
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cu/iv<  V ( 2*c  rt>  2t'c 

13.30  1070.  IZ5.lt  . 

CI.A.W4  Ml  ( 4V*«. 
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Figure  28-7 


RockwtH 

Intamattoml 


Figure  28-8 
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SyiMmi  DIvltlon  Rockwsll 

Space  Sjrtlcmt  Group  Intsmstlonsl 


Figure  28-9 

NAVSTAR  IV  BATTERY  RECONDITIONING  DATA 
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Figure  28-10 
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NEW  NiCd  BATTERY  STANDARD  AND  GUIDE 
M.  Milden 

Aerospace  Corporation 

1 think  this  is  a fitting  paper  to  end  up  today's 
session  on  NiCd  cells  and  NiCd  battery  performance  data. 

One  of  the  functions  that  Aerospace  Corporation 
has  is  to  examine  the  entire  industry  and  examine  what‘'s 
been  going  on  and  interface  with  the  various  industry 

organizations  and  try  and  distill  out  of,  it  some  general 
practices,  and  this  is  what  we  have  attempted  to  do. 

(Figure  29-1  ) . 

We're  basically  working  with  two  kinas  of 
documents.  The  first  one  is  military  standards  ana 
specifications.  These  provide  a forrual  listing  of  good 
practices  through  an  iterative  process  aealing  with  people 
in  the  industry. 

Another  purpose  is  to  provide  a compliance 
document  for  imposing  requirements,  in  procurements.  Normally 
these  documents  do  not  contain  design  data.  It's  usually 
not  the  place  of  a military  standard  or  spec  to  contain 
design  data.  Ihls  is  usually  left  for  handbooks. 

It  also  provides  a technical  basis  for 
procurement.  It  provides  a nominal  requirement.  It's  a 
basis  for  discussion  and  negotiations.  Any  of  these 
documents  is  always  open  for  negotiation. 

(Figure  29-2  ) 

Internal  to  the  Soace  Division,  which  is  part  of 
the  Air  Force,  there  is  a new  series  of  documents  Which  are 
going  to  be  called  Program  Engineering  Technical  Guides. 
These  will  be  used  by  the  various  program  office  individuals 
and  Air  Force  individuals  to  gain  some  general  background  of 
the  industry  practices  and  various  traaeoffs  on  what  might 
be  controversial  areas. 

The  basic  difference  between  a guide  and  mil  spec 
is  e specification  is  a manaatory  Document  .whereas  the  guide 
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vJill  be  informational  and  primarily  a tutorial  document. 
These  are  strictly  going  to  be  in-house  oocuments.  They  are 
presented  as  part  of  a series.  The  initial  group  consists 
of  five  documents.  And  what  I have  cone  is  I have  solicited 
about  30  inputs  from  various  people  throughout  the  industry 
on  three  drafts  of  this  document. 

l''m  sorry  I coulan^t  get  around  to  all  of  you,  but 
I just  took  a selected  list  of  various  different  government 
agencies  and  suppliers. 

The  Program  Engineering  Technical  Guide  is  less 
formal.  It^s  a more  dynamic  document.  It  doesn'’t  go 
through  a formal  release  cycle.  It  will  also  aJlow^for 
civergence  of  opinions.  There  will  be  controversy  presented 
in  the  documents.  It  will  document  engineering  or  technical 
cate  that  exists  in  the  industry,  and  it  can  also  act  as  a 
design  handbook. 

Hopefully  it  will  provide  e consistent  technical 
approach.  And  it  will  be  useful  for  evaluating  diversity  of 
opinions.  As  some  of  you  are  well  avare,  there  are  lots  of 
opinions  on  things  like  reconditioning,  what  temperature  to 
operate  a battery,  different  voltage  curves,  different 
techniques. 


At  present  there  are  five  guides  being  prepared. 
One  deals  with  propulsion  system  pressurants.  Another  one 
ceals  with  vehicle  instrumentation  during  acoustic  tests. 
Another  one  deals  with  retest  requirements.  Another  one 
deals  with  verifying  redundant  gapabilities  in  space.  And 
the  fifth  one  deals  with  use  of  NiCd  batteries  during 
systems  tests, 

(Figure  29-3  ) 

First  I'd  like  to  go  over  --  Inciaentally,  Gerry 
lialpert  leaned  on  me.  1 had  22  vugr£phs,  and  he  twisted  my 
arm  to  cut  out  about  two-thirds  of  them.  So  hopefully  we'll 
finish  right  on  time.  The  remaining  16  viewgraphs  will  be 
contained  in  the  proceedings  for  completeness. 

First  I'd  like  to  go  over  the  main  points  of  the 
nickel-cadmium  battery  usage  practices  fcr  space  vehicles. 
This  will  be  published  as  ^.'lii  Stancard  I578i  the  nominal 
release  date  is  27  July  '32.  It's  currently  in  the  release 
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cycle  being  published  somewhere  or  other  in  the  vast 
bureaucracy.  Eventually  it  will  be  available  to  the  public. 

It  will  establish  requirements*  and  these  are 
based  on  experience  and  successful  practices,  much  of  the 
material  we^ve  seen  here  today. 

Compliance  with  the  document  will  help  assure 
proper  performance  for  NiCds  during  space  missions.  The 
compliance  with  handling  procedures  should  go  quite  a ways 
to  minimizing  degradation.  And  one  thing  that  it  will 
hopefully  do,”^  it  will  define  terminology  td  be  used. 

As  most  of  you  are  aware,  there  are  a lot  of 
confusing  and  ambiguous  terms,  like  capacity,  and  this  will 
just  provide  a definition.  It  may  help  eliminate  some 
ambiguities. 

(Figure  29-4  ) 

The  Program  Engineering  Technical  Guides  title  is 
'*Lise  of  Rechargeable  NiCd  Flight  Batteries  During  Space  Vehicle 
Testing."  It  has  three  major  sections.  The  first  one  is  a 
survey  of  practices  that  are  current  in  the  industry,  a 
discussion  of  current  usage,  and  it  makes  recommendations. 

(Figure  29-5  ) 

These  are  the  results  of  a survey  of  a total  of  28 
spacecraft  systems  use  broken  down  in  terms  of  no  use, 
thermal  vacuum  only,  and  all  systems  testing.  The  majority 
of  people  do  not  use  the  flight  batteries  for  other  than 
flight.  They  acceptance  test  the  batteries,  they  acceptance 
test  the  cells  first,  and  then  they  put  the  batteries  in 
storage,  reconditioning  them  periodically  and  reconditioning 
them  just  before  putting  them  on  the  flight  vehicle. 

Generally  the  older  prograrr;s  used  flight  batteries 
for  ell  systems  testing.  The  trend  In  most  of  the  newer 
programs  is  to  minimize  use  of  the  oesignated  flight 
batteries . 


(Figure  29-6  ) 

In  going  through  this  survey  there  were  a number 
of  reasons  which  were  presented  by  enough  people  to  give 
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some  repetition.  Ihe  reasons  given  lor  the  use  of  flight 
batteries  in  systems  testing  were  the  collection  of  base 
line  data;  in  actual  vehicle  environment  where  you-'ve  got 
the  actual  leads,  you've  got  the  actual  connections,  it 
gives  you  a chance  to  do  a full  up  test. 

In  many  vehicles  the  battery  is  an  intimate  part 
of  the  thermal  subsystem,  and  if  the  battery  is  a part  of  it 
this  is  the  one  chance  you  really  have  for  checking  out  that 
thermal  interface. 

A number  of  people  said  it  gave  them  an 
opportunity  to  discover  early  failures  by  actually  using  the 
flight  batteries.  I'd  like  to  point  out,  though,  that 
there's  a clear  tradeoff  between  life  and  testing. 

And  a couple  of  people  • — particularly  on 
commercial  programs  — said  that  the  use  of  the  flight 
batteries  or  a single  set  of  flight  batteries  is  a low  cost 
option.  In  commercial  systems  this  is  a major 
consideration.  However  in  many  military  systems  this  is 
really  not  a consideration.  Life  ana  performance  are  the 
critical  parameters. 

(Figure  29-1  ) 

The  reasons  given  against  the  use  of  flight 

batteries  in  system  tests  were  that  secondary  batteries  do 
have  a limited  life,  and  what  we  would  like  to  do  is 
maximize  the  on-orbit  life.  Jim  Dunlop  said  he  thinks  that 
if  you  use  the  batteries  on  the  ground  you're  going  to  lose 
as  much  as  a year  in  orbit.  -Probably  a good  number. 

Of  course  another  very  important  point  is  the  only 
environment  where  there  is  a simulation  of  space  is  during  a 
thermal  vacuum  test,  and  in  the  survey  a large  number  of 
people  said  the  only  test  they  did  use  the  actual  flight 
batteries,  the  designated  flight  batteries,  was  during 
thermal  vacuum. 

' Of  course  the  other  reason,  or  major  reason, 
against  is  the  batteries  could  be  damaged  in  test.  Most  of 
you  are  familiar  with  the  horror  stories  of  the  test  area 
and  junction  boxes  and  the  various  holds  and  whatever  that 
go  on  during  vehicle  testing,  particularly  on  the  first 
vehicle  in  a series.  So  you've  got  to  trade  off  the 
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handling  and  the  installation  problerns  with  the  data  that 
you're  goina  to  oain. 

Finally,  perhaps  one  of  the  strongest  reasons  is 
battery  relateo  data  can  be  collected  in  subsystem  testing 
vyhere  you  actually  do  have  access  to  the  battery  with  hard 
wired  connectors  as  opposed  to,  on  a spacecraft,  where 
you're  counting  on  telemetry  through  some  kind  of  a data 
acquisition  system.  This  is  much,  much  safer  from  a battery 
standpoint.  And  in  most  cases  use  of  the  engineering  test 
models  will  give  you  all  the  test  data  that  you  need. 

Ihere's  really  no  need  to  use  flight  batteries. 

(Figure  29-P  ) 

The  Program  Engineering  lechnical  Guide  ends  up 
with  three  basic  recommendations* 

Ihe  first  one  is  not  to  use  batteries  designated 
for  flight  auring  vehicle  systems  testing  except  to  provide 
absolutely  necessary  data. 

The  second  is  using  space  cuality  batteries  for 
vehicle  systems  testing.  This  couia  be  engineering  models, 
it  could  be  qual.  models,  it  could  be  any  otner  battery  but 
not  the  actual  designated  flight  batteries.  They  could  be 
flight  type,  flight  auelity  or  flight  configuration.  Each 
different  orcani7ation  uses  different  words  for  the  same 
thing. 


And  the  final  recommendation  is  Install  flight 
batteries  at  the  last  practicable  time  prior  to  launch.  If 
possible  instail  them  at  the  launch  pad,  if  you  have  the 
facilities.  If  not,  install  them  just  before  shipping. 

Any  questions? 

DISCUSSION 

HENDEE  (Telesat  Canada)*  The  result  of  all  these 
wise  comments  is  Floyd's  comment  to  me  in  the  hall  that  I 
wasn't  giving  everybody  enough  static  again  this  year. 

I'd  like  to  make  two  comments* 

First  of  all,  it's  my  old  one,  that  once  again  I'd 
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like  to  say  that  limitina  cost  is  rather  selfish.  Let's 

Give  Jim  Dunlop  100  percent  error  in  his  calculations. 

Let's  say  it's  only  six  months  that  you  will  degrade  — you 
will  lose  six  months  of  performance  at  a cost  of  around  ■ — 
what?  — let's  say  80  million  projected  over  an  eight  year 
period.  That's  amortizing  it  off  at  about  ten  million  a 
year;  in  half  a year  it's  worth  five  million  dollars.  I'm 
quite  sure  G't  wouio  like  to  sell  us  e five  million  dollar 
battery  for  test  purposes.  It's  stupid. 

MILDEN*  Well,  the  funny  thing  is  in  some  of  the 
older  programs  when  you're  oealing  with  program  office 
people  get  very  adamant  when  you  talk  about  — you 
know,  my  God,  you  could  extend  the  thing  so  many  months  if 
you'd  only  give  us  $100,000.  You've  been  there. 

HEMDEE*  Oh,  I know  I've  been  there.  We're  flying 
6 couple  of  them  too. 

MILDEN*  Yes. 

HENDEE*  The  other  thing  is  you  made  a comment 
there  — and  validly  so  — install  flight  batteries  at  the 
last  practical  time  prior  to  launch.  In  my  rather 
disorganized  paper  of  a couple  of  years  aoo  I showed  that 
also  activation  date  had  a large  effect  on  my  end  result. 

And  I can  ouite  readily  envision  people  buying  a lot  of 
ceils,  or  several  lots  of  cells,  for  the  systems  testing  and 
flight,  puttinc  the  flight  aside.  I say  you're  also 
probably  aoing  to  be  giving  up  something  doino  it  that  wav. 

My  recommendation  is  that  you  probably  at  least 
activate  your  batteries  at  the  latest  possible  time  so  that 
you  can  verify  that  they're  aood  batteries,  have  a 
fail-back,  et  cetera,  and  then  Install  them  on  the 
satellite. 


MILDEN*  Among  the  15  or  sc  viewgraphs  that  Gerry 
twisted  my  arm  over,  one  of  them  says  there's  a three  year 
maximum  activation  time  at  time  of  leunch,  preferably  two 
years . 

HENDEE*  Yes,  preferably  as  little  as  possible. 

Gerry,  you  shouldn't  have  cone  that.  You  see,  I 
took  up  the  time  anyway. 
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MILDEW:  Also,  in  terms  of  the  activation,  what  a 

lot  of  programs  where  you've  got  several  vehicles  will  do  is 
they'll  give  the  cell  vendor  the  order  and  they'll  release 
the  procurement  in  staged  fashion  so  that  you  get  them  ac- 
tivated at  the  latest  possible  point. 

FORD  (Goddard)*  I guess  I have  a little  bit 
different  perspective  on  that  activation  date  than  you  do,  I 
think  1 heard  somebody  talk  about  this  afternoon  batteries 
had  been  activated  38  months  or  something  before  launch.  I 
think. once  you  get  over  the  hurdle  of  this  problem  we^re 
talking  about  in  terms  of  use  in  integration,  certainly  that 
becomes  another  factor.  But  until  we  get  program  managers 
off  their  adamant  positions,  as  you  n.entioned,  and  get  them 
to  recognize  that  they  are  taking  — and  I think  Jim  is 
•being  conservative  at  one  year  — I think  for  every  hour 
they're  on  the  spacecraft  before  launch  it's  at  least  two 
hours  you're  going  to  lose  in  orbit.  That's  our  experience. 

There's  things  that  go  on  during  this  integration 
period  that  are  not  common  to  NiCd  cells  in  a space 
environment.  And  I think  if  you  go  back  to  the  GAD  life 
test  that  was  run  and  reported  over  e period  of  five  years 
here,  we  saw  degradation  mechanisms  in  what  we  refer  to  as 
intermittent  years  that  don't  show  up  unoer  cycling.  So, 
you  know,  I don't  think  there's  any  ouestion.  And  your 
program  manager,  your  old  program  is  very  right  --  people, 
the’ older  they  get  the  harder  they  are  to  change.  Just 
remember  that. 

STEINHAUER  (Hughes)*  My  recommendation  is  that 
the  customer,  the  end  user,  if  he  wants  to  system  test 
batteries,  bring  money,  I think  they  can  go  on  at  the  Cape 
or  the  launch  site.  There's  one  thing  — And  I think  all 
portions  of  the  test  programs  at  the  system  level  can  be 
accommodated  with  test  batteries  with  one  possible 
exception*  The  availability  of  dynamic  balancing  facilities 
at  the  launch  site  and  the  utilization  of  those  facilities 
at  the  Cape.  It  may  be  difficult.  Ihose  batteries  may  be 
needed  Just  before  it  leaves  the  manufacturer  to  get  proper 
balancing. 


MILDEN-*  lhat's  an  interesting  point.  Hopefully 
these  documents  will  be  used  by  — Well,  Floyd's  comment  is 
really  to  the  wrong  group.  I mean  we're  all  convinced  here 
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that  you^ve  got  to  minimize  battery  use  and  you-'ve  got  to  ao 
all  these  good  things. 

By  providing  some  kind  of  a standard  document 
hopefully  you  can  go  back  to  your  management  and  say,  ^Hey, 
guys,  here-'s  a document  we  can  argue  from,' 

HENDEE  (Telesat  Canada):  I'd  like  to  back  up 

Floyd  just  — I'm  close,  I'm  in  between  the  two  of  you  guys. 
I saw  about  a one-to-one  degradation;  if  you  got  them  two 
years  in  advance,  knock  two  years  off  the  end. 

DUNLGP  (CGMSAl)*  Other  people  responded  to  that 
question  here  besides  me,  I'm  sure. 

One  comment:  One  thing  you  might  want  to  add,  if 

you're  going  to  have  batteries  around  for  two  years  or  three 
years,  you  might  also  add  how  you're  going  to  store  those 
batteries  if  you're  not  going  to  put  them  in  the  spacecraft. 
And  I'm  sure  that's  something  that  a lot  of  people  are 
working  on  right  now. 


MILDENs  Minus  ten  to  plus  five  degrees  C. 

DUNLOPi  That's  in  your  — 

MILDENs  Yes. 

DUNLOP:  Okay. 

KASTENs  Since  I was  the  one  that  presented  the  36 
month  battery  that  we  launched,  we  went  through  an  exercise, 
1 guess  it  was  about  a year  ago,  where  we  were  coming  up  and 
launching  a vehicle  that  our  batteries  were  reaJly  getting 
old.  Ihey  were  all  36  months  and  olcer  on  most  of  them.  And 
we  did  go  through  quite  an  exercise  vith  our  customer  and  we 
did  finally  make  some  program  chances,  ^‘^e  ended  up  ordering 
five  new  batteries  from  GE  — we  gave  Helmut  some  more 
business  — for  replacement  batteries  for  our  vehicles  that 
— we're  scheduled  to  launch  one  in  December  'SI  and  that's 
going  to  have  newer  batteries  on. 

We've  also  compromised  in  cur  test  flow.  We  are 
now  putting  the  batteries  on  just  prior  to  thermal  vac. 
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which  should  cut  down  the  test  time  to  about  five  months, 
but  we're  also  finding  out  that  when  we're  prooucing  — If 
you'll  recall,  one  year  in  '78  we  launched  four  vehicles. 
During  that  time  our  test  people  were  very  busy.  Things 
were  going  through  the  test  flow  very  rapidly.  When  they 
don't  get  very  busy  this  test  time  tends  to  stretch  out, 
especially  at  the  beginnino.  You're  always  v'aiting  for  that 
one  last  box.  And  so  what  you  plan  on  nine  months  ends  up 
to  be  18  months;  plus  either  the  launch  vehicle  isn't  reedy 
or  something  else. 

So  usually  after  thermal  vec  in  our  experience 
things  are  flowing  fairly  fast.  So  we  have  compromised  in 
installing  our  batteries  Just  prior  to  thermal  vac,  mainlv, 
again,  because  of  some  of  the  reasons  you  mentioned!  our 
thermei  people  like  to  see  those  batteries  on  the  vehicle 
and  balancing  and  all  of  that  stuff. 

The  other  thing,  when  we  store  our  batteries  now 
we  kind  of  caved  in  to  people  on  the  other  side  of  town,  and 
we  are  shorting  them. 

One  thing  1 guess  you  have  to  watch  out  for  when 
you  store  the  batteries,  though,  is  to  make  sure  vou  don't 
end  up  storing  them  at  the  temperature  that  your  thermal 
switches  are  closed  at  because  then  you  can  end  up  damaging 
— or  ending  up  with  a permanent  set  in  your  thermal 

switches  if  you  do  have  thermal  switches  on  the  batteries. 
Ihat's  something  to  consider. 

DUNLOP  (COMSAT) : I really  can't  resist  this. 

There  was  one  other  comment  I made  to  you  in  that  letter 
regarding  nickel  hydrogen  batteries , and  I think  the  comment 
was  that  in  the  nickel-cadmium  battery  the  major  problem  is 
temperature  - or  one  of  the  problems  was  temperature  and  an 
uncontrolled  temperature  and  a degradation  of  separator 
material.  The  nickel  hydrogen  battery,  the  types  of  sep- 
arator materials  that  are  typically  used  are  really  rather 
insensitive  to  temperature  and  there's  a good  likelihood 
that  with  the  nickel  hydrogen  battery  you  wouldn't  have  - 
you  could  go  back  to  the  original  old  program  office  idea 
of  using  that  battery  through  all  the  spacecraft  integration 
testing. 

MILDEN;  Well,  Jim,  what  I did  as  a result  of 
your  letter  and  about  three  others,  all  of  whom  are  nickel 
hydrogen  users,  was  to  add  the  works  "nickel-cadmium"  to  the 
title  of  the  program  guide.  We've  got  to  make  room  for  new 
technology. 
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Program  Engineering  Technical  Guide 


Mil  Stds/ Specs 

• FORMAL  LISTING  OF  GOOD  PRACTICES 

• COMPLIANCE  DOCUMENT  FOR  IMPOSING  REQUIREMENTS 

• NORMALLY  DOES  NOT  CONTAIN  DESIGN  DATA 

• PROVIDES  TECHNICAL  BASIS  FOR  PROCUREMENT 

Figure  29-1 

Nickel-Cadmium  Battery  Usage  Practices 
for  Space  Vehicles 

• ESTABLISHES  REQUIREMENTS 

• COMPLIANCE  HELPS  ASSURE  PROPER  PERFORMANCE 
FOR  NiCds  DURING  SPACE  MISSIONS 

• COMPLIANCE  WITH  HANDLING  PROCEDURES 
WILL  MINIMIZE  DEGRADATION 

• DEFINES  TERMINOLOGY  TO  BE  USED 

Figure  29-3 


• IN-HOUSE  DOCUMENTS 

• LESS  FORMAL  - MORE  DYNAMIC 

• DOCUMENTS  ENGINEERING  OR  TECHNICAL  DATA 

• CAN  INCLUDE  DESIGN  HANDBOOK  INFORMATION 

• PROVIDES  A CONSISTENT  TECHNICAL  APPROACH 

Figure  29-2 


Use  of  Rechargeable  Flight  Batteries 
During  Space  Vehicle  Testing 

• SURVEY  OF  PRACTICES 

• DISCUSSION  OF  USAGE 

• RECOMMENDATIONS 

Figure  29-4 
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Survey  of  Practices 

USE  OF  FLIGHT  BAHERIES  DURING  SYSTEMS  TESTS 


USE  OF  FLIGHT  BAnERIES  DURING  SYSTEMS  TESTS 
ALL  PROGRAMS  MILITARY 


NO  USE  13  5 

THERMAL  VACUUM  ONLY  7 5 

ALL  SYSTEMS  TESTING  _8  2 

28  13 


• OLDER  PROGRAMS  USED  FLIGHT  BAnERIES  FOR  ALL 
SYSTEMS  TESTS 


• TREND  IS  TO  MINIMIZE  USE  OF  FLIGHT  BATTERIES 


Figure  29-5 


Survey  of  Practices 


REASONS  GIVEN  AGAINST  USE  OF  FLIGHT  BATTERIES 
IN  SYSTEMS  TESTS: 


• SECONDARY  BAHERIES  HAVE  A LIMITED  LIFE 


• ONLY  THERMAL  VACUUM  TEST  ENVIRONMENT 
IS  SIMILAR  TO  SPACE 


• BATTERIES  MAY  BE  DAMAGED  IN  TEST 


• BAHERY  RELATED  DATA  CAN  BE  COLLECTED 
IN  SUBSYSTEM  TESTING 

0 

Figure  29-7 


Survey  of  Practices 


REASONS  GIVEN  FOR  USE  OF  FLIGHT  BATTERIES 
IN  SYSTEMS  TESTS: 


• COLLECTION  OF  BASELINE  DATA  IN  ACTUAL 
VEHICII  ENVIRONMENT 


• VALIDATION  OF  THERMAL  INTERFACE 


• DISCOVERY  OF  EARLY  FAILURES  BY  USING 
FLIGHT  BATTERIES 


• USE  OF  SAME  BAHERIES  IS  A LOW 
COST  OPTION 


Figure  29-6 


Recommendations 


• DO  NOT  USE  BATTERIES  DESIGNATED  FOR  FLIGHT 
DURING  VEHICLE  SYSTEMS  TESTING  EXCEPT 
TO  PROVIDE  NECESSARY  DATA 


• USE  SPACE  QUALITY  feAHERIES  FOR  VEHICLE 
SYSTEMS  TESTING 


• INSTALL  FLIGHT  BAHERIES  AT  LAST  PRACTICABLE 
TIME  PRIOR  TO  LAUNCH 


Figure  29-8 
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Battery  Storage  and  Handling 


Battery  Storage  and  Handling 


• >45  DAYS,  STORE 

. DISCHARGED 
. SHORTED 
. -10°  TO  +5°C 

• CONDITIONING  AFTER  STORAGE 

. C/20  FOR  40  ± 4 HRS  AT  22°  ± 3°C 

. C/2  TO  l.OV/CELL,  AVERAGE 

. 1ft  RESISTOR  ACROSS  EACH  CELL 
FOR  >16  HRS 

Figure  29-9 

Battery  Storage  and  Handling 


• SHIPPING 

• DISCHARGED  AND  SHORTED.  EACH  CELL 
OR  AT  BATTERY  CONNECTOR 

. ON  OR  OFF  S/C;  -15°  TO  +30°C 

• 30°C  EXPOSURE  MINIIVIAL 
<10  DAYS,  <4  HRS  PER  DAY 

Figure  29-10 

Battery  Storage  and  Handling 

• TRACEABILITY  FROIVI  ASSE/WBLY  TO  LAUNCH 


• CONTINUOUS  TRICKLE  CHARGE 

. BAHERY  TO  BE  AT  <27°C 

• OPEN  CIRCUIT  PERIODS 

• MINIMIZE  NUMBER 

• MINIMAL  DURATION.  <96  HRS 

• RECONDITIOJING 

• EVERY  45  ± 3 DAYS  IN  USE 
. WITHIN  30  DAYS  OF  LAUNCH 


• CELLS  ACTIVATED  > THREE  YEARS 
ARE  NONFLIGHT 

Figure  29-12 

On  Orbit  Operations 

• CHARGE  CONTROL  BASED  UPON  DEVELOPMENT  TESTING 

• MINIMAL  HIGH  RATE  OVERCHARGING 


Figure  29-11 


• TRICKLE  CHARGE  TO  AVOID  STAND  LOSSES 
Figure  29-13 
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On  Orbit  Operations 

• RECONDITIONING 

. GEO,  PRIOR  TO  EACH  ECLIPSE  SEASON 

• MEO,  VARIABLE  PERIODIC  BASIS 

• LEO,  MAY  NOT  BE  POSSIBLE 

• DoD  AND  CYCLE  LIMITS 

• TO  BE  BASED  UPON  GERMANE  DATA 

• 5°±  5°C;. MINIMAL  EXCURSIONS 

Figure  29-14 

On  Orbit  Operations 

• DATA 

. BAHERY  AND  INDIVIDUAL  CELL  VOLTAGE 

. BAHERY  CURRENT 

. BAHERY  TEMPERATURE 
Figure  29-16 


On  Orbit  Operations 

• OVERTEMPERATURE  BACK-UP  PROTECTION 

. <32°C 

. SWITCHING  TO  REDUCE 
OR  TERMINATE  CHARGING 

• BAHERY  ISOLATION 

. CHARGE  CIRCUITS 
. LOAD 

Figure  29-15 


• FOR  EACH  APPLICATION  OF  A NEW  BATTERY  DESIGN 

• FOR  EACH  NEW  APPLICATION  OF  AN  EXISTING  DESIGN 

• FOR  EACH  NEW  SUPPLIER  OF  AN  EXISTING  DESIGN 

Figure  29-17 


Development  Testing 

• NOMINAL  AND  FAILURE  MODE  CASES 


Development  Testing/ Charge  Control 

• MINIMU/Vl  CHARGE  RATE  AND  RECHARGE  RATIO 
TO  MAINTAIN  RATED  CAPACITY  THROUGHOUT 
THE  MISSION 

• PARAMETER  CHARACTERIZATION 

• AV 

• Al 

• AT 

• DESIGN  MUST  ADDRESS  CONTINGENCIES 

Figure  29-18 
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Development  Testing/ Charge  Control 

• EXCLUDED  AS  PRIMARY  METHOD 

• THIRD  ELECTRODE  CELLS 

• COULOMBMETER  CELLS 

• SINGLE  TEMPERATURE  SET  POINT 

Figure  2P  .3  Development  Testing/ Life 

• ACCEPTANCE  TESTED  FLIGHT-TYPE  BAHERIES 

• ELECTRICAL  AND  ENVIRONMENTAL  CONDITIONS 
EXPECTED  DURING  S/C  OPERATION 

• THERMAL  PROFILE  CHARACTERIZATION 

• REAL  TIME  (no  acceleration) 

Development  Testing/Thermal  Vacuum  Figure  29-20 

• FLIGHT-TYPE  BAHERIES 

• THERMAL  CYCLE  TEMPERATURE  MONITORING 

• BATTERY  HEAT  TRANSFER  VALIDATION 

Figure  29-21 
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EFFECTS  OF  THE  MODE  OF  STORAGE  ON  THE  CAPACITY 
FADING  OF  THE  SINTERED  NICKEL  ELECTRODES 
B.  Vyas  and  M.  P.  Bernhardt 
Bell  Laboratories 

I guess  my  talk  is  a continuation  of  the  last  talk 
yesterday  where  we  tried  to  set  up  guidelines  as  to  how  a 
battery  should  be  used  and  .not  misused.  And  one  of  the 
topics  we  ended  on  is  how  should  we  store  these  batteries? 

Pm  going  to  talk  about  the  storage  problem. 

In  the  guidelinest  one  of  the  recommendations 
being  made  is  that  the  battery  should  be  stored  before 
launch  onto  the  satellite  in  a discharged  mode  at  a low 
temperature  of  minus  5 to  10  degrees  Centigradet  and  in  the 
shorted  condition.  This  is  rather  early  in  the  morning  to 
try  to  tell  you  to  put  this  up. 

This  work  will  show  that  it  should  be  stored  at  a 
low  temperature,  but  we  should  probably  store  the  batteries 
in  the  open  circuit  condition  rather  than  the  shorted 
condition. 


This  work  is  a systematic  investigation  of  the 
effect  of  temperature  and  the  two  conditions  of  storage, 
shorted  and  open  circuit. 

The  impetus  for  this  work  was  that  cells 
from  the  manufacturer  and  the  capacity  which  we  measured  on 
the  cells  before  testing  were  lower  than  what  were  measured 
by  the  fabricator  at  their  location.  The  understanding  is 
that  there  was  in  some  manner  a loss  during  storage  and 
shipping  from  the.  manufacturer  to  our  lab. 

Other  investigators  have  also  observed  such  a loss 
and  so  we  wanted  to  understand  what  .is  happening  during  the 
shipping  and  storage. 

Getting  back  to  this  business  of  shorted  and  open 
circuit,  if  you  look  at  the  literature,  the  open  literature 
at  least,  there  is  no  systematic  work,  or  very  little  of  the 
effects  of  storage,  although  there  is  a lot  of  work  on 
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capacity  fading  due  to  cycling. 

In  talking  to  the  people  who  have  been  In  the 
business  for  years  I gather  the  impression  that 
cells  are  stored  in  the  shorted  mode  partly  for  safety 
reasons,  partly  out  of  folklore,  and  partly  what  I call 
scientific  judgment,  which  is  reaJly  just  good  guesswork. 

. However,  in  this  first  attempt  at  looking  at  the 
systematic  study  of  this  sort,  we  found  that  maybe  that  is 
not  the  best  way  of  storage. 

Now  a simple  thought  experiment  on  the  cell,  what 
could  go  wrong  during  storage,  is  that  there  are  three  main 
components  in  there,  the  positive  nickel  electrode,  the 
negative  cadmium,  and  the  electrolyte,  and  either  of  these 
three  may  not  be  where  they  should  be,  and  that  would  cause 
a loss. 


• The  cadmium  electrode — normally  you  have  a lot  more 
cadmium,  so  a loss  cannot  be  at  least  found  due  to  that 
electrode -during  the  shipping  and  storage  period.  These  are 
positive  limited  electrodes  so  the  loss  would  be  due  to  a 
loss  in  these  positivie  electrodes  rather  than  the  negative 
electrodes. 

There  is  a possibility  that  the  electrolyte  is  not 
where  it  is  supposed  to  be,  but  if  we  assume  for  a moment 
that  does  not  happen,  then  the  main  culprit  would  be  the 
positive  electrode.  Therefore,  we  decided  to  study  the 
sintered  nickel  electrode  alone  and  the  effect  of  storage  on 
it. 


All  these  tests  were  done  on  s.intered  electrodes 
in  flooded  cells,  so  we  do  not  have  the  complication  of  a 
shifting  or  loss  of  electrolyte  or  the  complication  of 
changes  in  the  negative  electrode. 

(Figure  30-1) 

This  is  just  a slide  of  the  experimental 
condition.  We  used  a sintered  nickel  electrode.  All  the 
work  I'm  going  to  report  today  is  on  eiectrochemically 
deposited  by  the  aqueous  process.  And  I have  recently  done 
some  on  chemically  deposited  plates  obtained  from  GE  and 
they  show  a similar  phenomenon.  In  fact  the  rate  of 
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degradation  is  faster  in  them,  which  probably  will  be 
clearer  as  I get  to  why  this  loss  occurs. 

It  is  then  stored  flooded  in  30  percent  KOH  during 
the  discharge  condition*  and  at  three  different 
temperatures,  22,  — that-'s  room  temperature  • — 60  degrees 
Centigrade  and  80  degrees  Centigrade.  We  have  not  done  any 
lower  temperatures.  However,  we  do  have  a program  of  doing 
real  ceils  at  lower  temperatures,  of  the  order  of  10 
degrees. 

And  they  were  stored  in  two  modes,  shorted  or  open 

circuit. 

After  storage  they  were  taken  out,  cooled  down  to 
room  temperature,  and  all  cycling  to  measure  the  capacity 
was  then  at  room  temperature. 

Ihese  were  done  at  two  rates,  C/10  and  C rate. 

V'lhen  you  take  the  electrode  out  after  storage  and 
cycle  It,  the  first  cycle  always  gives  you  a very  low 
capacity  but  the  capacity  comes  back  to  a nominal  value  in 
about  three  cycles,  and  we  normally  give  it  five  cycles. 

What  I^m  going  to  show  as  a capacity  loss  is  the  initial 
capacity  minus  the  capacity  of  the  fifth  cycle. 

This  loss  or  this  recovery  in  the  five  cycles  is 
of  the  order  of  10  percent  of  the  loss,  'just  to  give  you  an 
order  of  magnitude.  But  at  all  stages  you  do  get  a much 
lower  capacity  in  the  first  cycle,  and  it  flattens  out  in 
about  the  fourth  or  the  fifth  cycle. 

Another  important  point  listed  here  is  that  the 
capacity  measured  here  is  the  capacity  out  to  one.  volt. 

That  is  the  useful  capacity  as  far  as  the  satellite 
application  is  concerned,  and  that's  all  the  capacity  that's 
being  measured. 

So  this  is  a very  simple  test,  nothing  very 
complicated. 

(Figure  30-2.) 

Here  is  shown  a loss  of  capacity  as  a function  of 
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time  of  storage.  Starting  at  zero,  all  these  plots  are 
normalized  and  we  stored  them  for  one  day,  then  three  or 
four  days,  over  the  weekend,  and  subsequent  stages  of  seven 
days  and  .they  were  given  five  cycles  in  each  stage. 

One  thing  to  note  which  we  don-'t  have  a very  good 
understanding  of,  after  one  day  I didn^'t  plot  the  point 
but  after  three  days,  the  first  two  point,  the  capacity  is 
the  same  or  slightly  higher  than  what  they  started  with.  I 
don't  have  a good  explanation  for  that,  but  that-'s  an 
observation  I guess  that  should  be  kept  in  mind,  after  which 
you  see  a loss  in  capacity. 

As  we  look  here,  you  have  the  first  one  which  is 
open  circuit  at  room  temperature,  the  next  open  triangles 
ere  open  circuit,  60  degrees,  and  the  circles  here  are  open 
circuit,  faO  degrees. 

The  function  of  temperature  in  the  open  circuit 
condition,  the  loss  of  capacity,  increases  with  the  increase 
in  temperature.  The  same  thing  happens  with  the  shorted 
electrodes.  The  first  one  is  room  temperature  shorted,  then 
60  degrees  shorted,  then  80  degrees  shorted, 

So  two  things*  The  shorted  electrode  showed  a 
higher  rate  of  loss  than  the  open  circuit  electrodes.  And 
second  of  all,  there's  an  increase  in  both  modes  with  the 
increase  in  temperature. 

Another  point  to  be  pointed  out* 

These  lines  are  Just  drawn  to  show  an  indication 
that  the  rate  of  loss  is  changing.  Jt  really  does  not  mean 
that  the  rate  of  loss  is  linear.  It  was  just  shown  to  make 
it  clear,  and  I'm  not  sure  if  that's  an  important 
implication.  It  could  be. 

(Figure  30-3) 

This  is  now  showing  the  same  effect,  a loss  of 
capacity  again,  with  time  of  storage  at  a C rate  of  charge 
and  discharge  which  is  340  milliamps'.  Most  of  these  are 
around  three  to  four  hundred  milliamps  capacity  electrodes. 

Again  you  see  that  the  first  three  are  for  an  open 
circuit  condition,  room  temperature,  60  degrees,  80  degrees 
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Centigradet  and  the  next  three  are  for  the  shorted 
condition!  room  temperature,  60  degrees  and  80  degrees. 

Two  things*  Again  here  you  see  a higher  capacity 
initially,  and  .then  you  see  a general  degradation  as  a 
function  of  time.  Again  there-'s  an  increase  with  an 
increase  in  temperature,  and  under  all  conditions,  the 
shorted  electrodes  show  a much  higher  rate  of  loss  than  the 
samples  stored  in  the  open  circuit  condition. 

Comparing  the  C/10  charge  to  the  C/2  discharge, 
which  is  the  nominal  rate  used  in  most  satellite  type  of 
work,  and  the  C rate,  which  was  really  done  to  accelerate 
the  process,  this  is  a very  simple  but  boring  and  mundane 
experiment,  and  we  thought  probably  we  could  accelerate  it 
by  this. 

But  we  see  that  the  rate  does  have  an  effect  on 
the  -loss  of  capacity.  I don-'t  have  an  absolute 
understanding  of  this.  However,  it  could  be  rationalized  in 
terms  of  the  polarization.  There-'s  a change  in  the 
structure  and  .the  electrode  sees  the  polarization  effect  and 
therefore  at  higher  rates,  it  cannot  give  back  the  capacity 
that  it  can  at  the  lower  rates  of  charging  and  discharging. 

All  this  can  be  quickly  summarized  in  a table 

form. 


(Figure  30-41 

Here  again  you  have  open  circuit  and  shorted  at 
the  two  rates.  This  is  the  initial  capacity  and  this  is  the 
loss  after  25  days,  and  again  you  see  an  increase  in  temper- 
ature in  all  three  cases,  and  also  the  shorted  condition  shows 
a much  higher  loss  than  the  open  circuit  condition. 


This  one  here  should  be  18.4  and  not  M.b, 

( Indicating.-) 

So  the  next  obvious  question  which  all  bosses  tend 
to  ask  their  people  is,  is  this  real?  Is  this  an  artifact 
of  the  experiment?  And  second  of  all,  can  we  revive  this 
electrode? 

And  so  we  tried  to  do  two  ouick  experiments  to  see 
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if  we  could 


After  the  25  daySf  these  electrodes  were  further 
cycled  with  400  percent  overcharge.  Three  to  five  more 
cycles  were  glvent  with  400  percent  overcharge.  And  you  see 
in  the  two  electrodes  which  were  under  the  open  circuit 
conditlonst  this  is  the  resultant  loss  from  the  initial. 

It-'s  only  1.7,  which  is  . within  the  error  bar,  really.  So 
most  of  the  capacity  which  was  lost  in  these  25  days  has 
been  recovered  for  these  two  electrodes  in  the  open  circuit 
condition. 


However,  in  the  ones  which  were  stored  in  the 
shorted  mode,,  this  has  only  gone  from  14.8  to  12,  and  42.3 
to  37.8.  So  the  ones  which  were  shorted,  it  seems  that  they 
do  not  recover  very  easily  while  the  open  circuit  one  comes 
back. 

Another  way  of  trying  to  recover  this  is  to  just 
continue  cycling  under  the  same  mode  .for  a longer  time,  and 
after  25  cycles,  again  you  see  the  ones  which  were  open 
circuit,  most  of  it  comes  back,  while  the  ones  that  were 
shorted,  there  is  no  change. 

So  I think  we  have  a reasonable  amount  of  data  to 
say  with  a reasonable  amount  of  confidence  that  electrodes 
which  are  stored  — at  least  the  sintered  positive  electrode 
stored  in  the  open  circuit  mode  does  not  lose  much  capacity, 
or  at  least  they  can  be  recovered,  while  the  one  which  is 
shorted  is  dead  for  you. 

So  the  next  question  arises*  Why  is  that?  And  we 
find  out  what  changes  are  operating  in  the  electrode  to  lead 
to  such  losses. 

(Figure  30-5) 

The  first  clue  comes  in  this  voltage 
charge/discharge  curve.  This  was  taken  after  18  days.  I 
tried  to  plot  this  as  close  to  as  it  comes  off  from  the 
graph  paper,  but  this  is  kind  of  normalized,  so  don-'t  take 
the  absolute  value  but  just  to  show  the  general  trends. 

The  dark  line  here  is  the  voltage  curv.e  of  the 
initial  electrode  before  storage.  This  is  room  temperature 
open  circuit;  this  one  here  is  60  degrees  open  circuit.  This 
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one  is  room  temperature  and  60  degr-ees  shorted. 

Two  things  come  clear,  the  same  thing  here. 

Ihere-'s  a lower  loss  in  the  open  circuit  one  than  in  the 
shorted  one 

Two  things  to  note  here  is  that  the  shorted  ones, 
both  of  them,  show  a higher  end-of-charge  voltage  than  the 
open  circuit  one,  which  may  be  one  indication  that  one  is 
degrading  worse  then  the  other. 

But  in  either  case  what  we  did  is  after  we 
discharged  this,  we  had  a cutoff  at  ebout  .4,  and  all  of 
these  came  back  to  open  circuit.  We  decided  to  discharge 
this  at  the  C/IO  rate  at  30  milliamps,  and  you  see  that  most 
of  the  capacity  is  recovered  at  the  lower  voltage.. 

In  this  table  is  shown  the  two  capacities.  When 
you  add  the  two,  400  or  415  compared  to  408  initially,  what 
that  plot  shows  you,  and  the  table,  is  that  all  the  capacity 
isn't  dead,  it's  Just  that  it  cannot  be  realized  up  to  one 
volt. 

So  one  thing  can  be  easily  concluded.  The 
material  is  not  lost  physically.  It  is  not  out  of  the 
electrode.  It  is  also  not  just  loosely  held  in  the  pores. 
It's  all  there.  You  Just  cannot  get  it  out  due  to  some 
polarization  effect. 

So  the  immediate  conclusion  is  that  there's  a 
change  in  the  structure  of  the  active  material  which  is 
causing  this  loss.  And  how  can  we  study  that? 

We  have  initiated  a program  to  look  at  the 
structure  of  the  active  material  by  X-rays,  and  do  some 
systematic,  electrochemistry-like  pulses  and  polarization 
curves,  in  a.n  attempt  to  understand  what's  happening  to  the 
active  material  during  storage. 

This  work  is  rather  preliminary.  All  the  results 
are  not  here. 

In  the  short  time  left  to  me  I would  Just  like  to 
give  you  a few  polarization  curves  which,  to  me,  look  like  a 
landscape  view  of  what  may  be  happening  to  these  electrodes 
as  a function  of  time,  and  speculate  with  you  what  may  be 
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the  mechanism  of  this  loss, 

(Figure  30-6) 

I guess  all  of  you  are  quite  f.amiliar  with  this. 
This  is  the  current-.versus -voltage  curve  of  the  electrode. 
The  same  experiment  is  done.  The  electrode  is  taken* 
stored,  taken  out.  .Instead  of  doing  the  charge/discharge  at 
constant  time  we  now  run  polarization  curves. 

This  is  the  charge.  We  see  the  double  peak.  Ihis 
is  oxygen  and  this  is  the  discharge  peak.  This  is  a typical 
curve  obtained  from  most  eiectrochemically.  deposited 
electrodes.  And  the  scan  rate  is  .05  millivolts  per  second 
so  it-'s  reasonably  slow.  This  is  on  sintered  electrodes. 

(Figure  30-7) 

Now  as  we  store  it  and  then  take  them  out  and  run 
polarization  curves,  this  is  what  you  see  in  ten  days.  Vou 
see  a shift,  both  in  the  charge  and  the  discharge.  What  is 
really  important,  what  this  tells  you,  by  the  potential  you 
can  get  an  indication  of  the  structure  of  the  materials,  so 
you  see  that  peak  maximum  here  shifts  slightly,  on  the  order 
of  5 millivolts. 

Second  of  all,  the  second  peak,  which  is  a sharp, 
clear  peak,  has  now  become  rather  vague.  Also  on  the 
discharge  curve,  this  one  has  shifted  and  you  now  have  a new 
peak.  " 

(Figure  30-8) 

If  you  do  it  further  for  25  days,  the  second  peak 
now  starts  growing  while  the  first  one  is  decreasing  on 
discharge.  And  again  here  you  see  a slight  blip,  and  the 
second  peak  is  totally  lost  to  you. 

(Figure  30-9) 

You  carry  on  this  further,  and  this  I guess  was 
after  65  days,  you  could  see  that  the  original  peak  is 
totally  lost  to  you.  You  just  have  the  secondary  peak. 

And  also  on  top  if  you  watch  you  have  a double 
peak  of  this  sort.  This  is  the  curve  on  the  charge. 
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So  if  you  have  a totally  distinct  peak  like  that, 
that  means  there^s  a new  phase,  and  so  we  said,  Okpy,  the 
material  is  probably  going  through  a phase  transformation 
from  this  alpha  to  beta  and  gamma  ano  all  that  kind  of 
stuff,  and  if  you  look  at  the  literature,  it  is  known  that 
the  beta-nickel-hydroxlde  to  beta-nickel-oxi-hydroxide , the 
potential  for  that  .is  higher  than  the  gamma-to-beta  or 
alpha-to-gamma  reaction.  So  this  shift  in  the  positive 
direction  could  be  due  to  a structure  going  to  the  beta 
form. 

If  that  is  true  we  could  check  that  by  now 
overcharging  this  electrode  for  a very  long  time  because  we 
know  if  we  overcharge  a beta-nickel-hydroxide  at  a high  rate 
for  a very  long  time,  we  can  convert  the  beta  to  gamma.  That 
could  be  a quick  check  for  that,  and  we  did  do  this  after  66 
days. 

After  65  days  you  started  here.  You  only  listed 
this  one  peak  and  then  this  complex  peak  here. 

Then  we  overcharged  it  at  the  4 C.  rate  for  16 
hours,  an  overnight  charge,  and  then  ran  a discharge  curve. 

This  was  the  original  discharge  curve,  and  now  you  get  a 
curve,  this  one,  out  over  it.  So  this  potential  has  shifted 
over  to  the  original  position  and  you  get  a much  higher 
capacity,  too.  So  that  was  the  first  indication,  yes,  maybe 
this  is  beta,  and  by  overcharging  it  you  can  convert  it  back 
to  gamma  which  would  shift  the  potential  back  down. 

On  the  subsequent  charge  you  get  this  curve  here 
and  again,  the  double  peak  here  is  your  discharge  curve. 

So  it  shows  that  this  heavy  overcharging  can  convert  it  to 
a gamma  phase,  but  this  is  not  a stable  phase,,  and  on  a 
subsequent  regular  kind  of  charge  and  discharge  you're  going 
to  see  a double  peak. 

So  what  I-'m  leading  to  is  that  whatever  structure 
you  start  with,  you're  now  faced  with  a change  in  the  phase 
of  that  active  material  from  maybe  an  alpha  to  a beta  form, 
and  a beta  form  which  is  really  what  I have  called  a 
beta-prime,  which  cannot  be  overcharged  any  more. 

That  case  is  for  what  was  stored  in  the  shorted  mode. 
I forgot  to  mention  that.  Here  is  a case,  v/hat  happens 
along  a similar  time  sequence. 
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Many  more  polarization  curves,  by  the  way,  were 
built  up.  Kve  just  shown  a few  for  .clarity  here. 

This  is  the  case  of  a similar  experiment  done  but 
the  sample  is  stored  in  the  open  circuit  condition.  Again 
here,  this  is  after  20  days  compared  to  the  first  10  days. 

•You  see  the  same  thing  happening,  a second  peak,  a 
shift  here,  and  a loss  in  this  second  peak. 

You  go  to  65  days.  Again  you  s.ee  the  second  peak 
is  growing  at  the  expense  of  the  first  one.  But  if  you 
compared  the  shorted  one  for  65  days,  this  lower  potential 
peak  was  totally  lost.  Only  the  second  one  existed. 

So  what  this  is  saying  is  that  the  same  phenomenon 
is  occurring  in  both  these  electrodes.  However,  the  rate  at 
which  it-'s  occurring  in  the  shorted  electrode  is  much 
faster. 


Now  if  the  second  peak  is  really  a beta,  and  this 
is  unstable  material,  if  you  do  not  oo  into  overcharae,  then 
you  should  only  get  a second  peak,  lhat's  a second  check  of 
whether  this  kind  of  transformation  is  taking  place. 

And  that  is  what  we  have  here,  where  we  took  the 
electrode  as  soon  as  it  comes  down  to  its  minimum,  we 
started  discharging  it  and  not  letting  it  go  into 
overcharge.  And  there  you  see  just  a higher  314  potential 
discharge,  again  showing  that  that  material  is  beta. 

If  you  don-'t  take  it  to  overcharge  you  don't  see 
the  gamma  transformation. 

So  this  kind  of  gives  you  a first-order  indication 
of  the  kind  of  changes  in  the  active  materiel. 

.(Figure  30-10) 

This  I took  from,  I think  — I'm  not  sure  — 
Toumy's  old  work  where  he  shows  all  the  possible  reactions 
in  a nickel  positive  electrode.  And  you  have  the 
alpha-to-gamma  electrochemically  deposited,  the  chemical 
beta-to-beta  during  overcharge.  We  have  gamma  and  it  can 
discharge  straight  to  beta. 
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What  all  this  is  now  telling  us  is  that  the 
electrode  now  forms  a beta  form.  If  it^'s  initially  the  beta 
form  it  can  go  to  beta-nickel-oxy-hydroxide  when  the  old 
charge  goes  to  gamma.  That-'s  what  gives  you  higher 
capacity.  Now  you  have  a material  which  will  only  go  to 
this  reaction,  not  to  this  reaction. 

I think  I forgot  to  mention  one  thing  here. 

If  you  now  measure  the  capacities  under  here,  this 
capacity,  after  65  days,  is  about  30  percent  less  than  what 
you  had  initially.  If  you  now  overcharge  it  and  measure  the 
capacity  over  here,  it^s  about  5 percent  more  than  what  you 
started  with,  which  again  tells  you  that  the  literature  says 
that  not  only  is  there  a phase  change  but  there's  an 
electron  change.  You  normally  Just  have  about  a .9  to  a 1 
electron  volt  change  from  the  beta-nickel-hydroxide  to 
oxy-hydroxide.  However,  the  gamma  form  is  probably  a nickel 
4 plus.  You  normally  have  about  130  to  160  percent  increase 
in  charge.  These  changes  in  capacities  are  of  the  same 
order  of  magnitude. 

(Figure  30-1 1 ) 

So  we  have  now  a total  picture  showing  here  that  an 
electrochemical  plate  which,  when  you  deposit  it  — it's 
probably  alpha  — goes  to  a beta,  but  still  works.  It  can 
go  into  the  gamma  form  during  overcharge,  but  on  aging  it 
becomes  into  an  inactive  beta' which  cannot  be  easily 
overcharged,  and  that  is  what  leads  to  a loss  in  capacity. 

That  the  first  form.  That  should  give  you 
automatically  about  a 30  percent  loss  in  capacity. 

Beyond  that,  the  beta'  probably  just  grows  in  size 
and  it  becomes  more  difficult  to  polarize. 

This  period,  which  will  only  be  checked  thoroughly 
once  some  extra  analysis  is  done  on  these  other  materials  in 
there,  although  the  electrochemistry  does  seem  to  indicate 
what  is  happening. 

So  now  to  summarize,  I think  we've  shown  clearly 
that  there  is  a capacity  loss;  it  increases  with  increasing 
temperature  of  storage,  and  the  rate  of  capacity  loss  is 
larger  for  the  shorted  electrodes  then  the  electrodes  stored 
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at  open  circuit. 

This  I think  is  the  most  important  result  of  this. 
1 would  appreciate  comments  as  to  why  people  do  store  them 
under  shorted  conditions. 

This  is  a proposed  mechanism  of  what  may  be 
happening  to  the  active  material  which  is  leading  to  this 
loss. 


This  is  Just  a word  of  caution,  that  the  results 
from  these  flooded  cells  should  not  be  directly  translated 
to  a starved  cell.  However,  the  same  kind  of  trend  is  going 
to  occur  in  a cell,  and  we've  done  a similar  systematic" 
storage  test  on  cells  and  a similar  Joss  does  occur. 

The  numbers  are  not  the  same  but  the  same  type  of  rate  does 
occur.  So  that's  something  that  has  to  be  kept  in  mind. 

And  finally,  it  just  says  as  a result  of  this  we 
can  recommend  that  nickel-cadmium  or  nickel-hydrogen  cells 
should  be  stored  at  low  temperture,  mayoe  minus  5 to  10 
degrees  is  the  right  range,  and  also  as  far  as  possible,  in 
the  open  circuit  condition  rather  than  the  shorted 
condition. 


ROGERS  (Hughes  Aircraft)*  What  is  inactive  beta'? 

Is  that  something  you've  seen,  or  is  it  Just  an  explanation? 

VYAS*  It's  just  a term  I've  used.  It  is  whet  I 
define  as  the  beta  form  which  cannot  be  easily  over-charged  to 
the  gamma  state.  You  need  a tremendous  high  overcharge  for 
it.  That's  all.  I define  that  as  the  inactive  beta'  form. 

If  you  take  a chemical  plate  which  is  beta  known 
— and  we've  done  this  experiment  — and  go  through  a 
polarization,  show  where  a charge/discharge  is  transformed 
to  the  gamma  form,  if  you  now  stored  the  chemical  plate,  vou 
cannot  overcharge  it  into  the  gamma  form.  So  that's  what  I 
have  called  as  an  inactive  or  a beta'. 

Now  what  the  structure  is,  I think  X-ray  will 
probably  tell  us. 

KUNIGAHALLI  (Bowie  State  College)*  Can  you  tell 
me  the  size  of  the  eieotrode  that  you  use,  and  what  is  the 
size  of  the  electrode  that  you  use,  and  what  is  the  number 
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of  cycles  maximum  number  of  cycles  it  underwent? 

VYAS:  The  first  charge/discharge,  the  loss  in 

capacity,  they  were  1-1/2  by  1-1/2  inches  by  I think  28 
mils  thick,  having  a capacity  of  about  300  to  400  milliamps. 
And  initially  they  were  given  ten  cycles,  then  go  through 
the  storage  stages  at  various  times  and  at  each  storage  it 
was  given  five  cycles. 

If  I understand  your  question  correctly*  we  had 
the  same  problem.  When  you-'re  doing  a test  like  that,  the 
time  of  cycling  should  be  shorter  than  the  time  of  storage; 
otherwise,  the  test  has  no  meaning.  And  the  time  of  cycling 
was  much  smaller  than  the  time  of  storage.  That's  an 
important  criterion  in  such  a type  of  a test. 

KUNIGAHALLI*  My  second  question  is  did  these 
nickel  electrodes  contain  any  cadmium, — 

VYAS*  No. 

KUNIGAHALLI*  — what  is  usually  referred  to  as  PQ 

treatment? 

VYAS*  All  these  electrodes  are  nickel  containing, 
most  of  them—  I think  all  the  results  I've  shown  today  are 
5 percent  cobalt.  I've  done  some  work  with  10  percent 
cobalt  but  no  cadmium  or  any  other  additive. 

KUNIGAHALLI*  One  more  question* 

During  the  discharge  you  used  a C/10  rate  for 

discharge? 


VYAS*  No,  that  was  the  second  step.  We  did  a C 
rate  discharge,  then  followed  by  a C/10  rate  discharge. 

KUNIGAHALLI*  Have  you  tried  any  higher  rates  of 
discharge  in  these  experiments? 

VYAS*  The  other  electrodes  were  done  C/10  charge 
and  C/2  discharge. 

KUNIGAHALLI*  Did  you  observe  any  reaction  to  the 
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loss  of  capacity?  Did  you  observe  any  voltage  drop? 

VYAS^  Well,  if  you  look  at  that  plot,  I tried  to 
get  data  on  what  is  called  the  mid-discharge  voltage  as  a 
function  of  cycling.  However,  that  data  does  not  come  out 
very  systematic.  You  have  changes  in  the  cadmium  electrode 
and  things  of  that  sort,  and  the  result  is  not  very  good. 

But  I want  to  point  out  on  those  polarization 
curves  where  you  see  a double  peak.  If  you  now  do  a 
charge/discharge  with  respect  to  a mercury-mercury  oxide 
reference  electrode,  you  can  see  in  the  case  where  you  have 
only  a gamma  peak,  discharge  at  the  lower  potential  and 
almost  flat;  however,  in  the  case  ha\ing  a double  peak,  you 
see  a more  sloping  discharge  curve  — if  that-'s  what  you^re 
trying  to  ask. 

You  have  to  do  the  test  carefully  in  a flooded 
cell.  With  a cadmium  electrode,  it-'s  difficult  to 
distinguish  the  change  in  this  mid-voltage. 

KUNIGAHALLIi  I think  why  I asked  this,  you  may  be 
aware  of  the  recent  paper  of  Craig  Moore  and  Bernard,  et  al. 

They  have  studied  the  nickel-hydroxide  electrode,  and 
after  a large  number  of  cycles  it  has  shown  a voltage  drop 
in  the  plateau. 

And  .1  was  wondering  whether  you  did  observe  any 
such  plateau  during  the  discharge  of  these- 

VYAS*.  Yes,  every  now  and  .then  since  we  have  a 
cutoff  at  point  4 you-'. 31  see  a secondary  discharge  plateau 
at  about  .-8,  .7,  depending  on  the  rate  of  discharge.  Those 
results  are  similar  to  Bernard's  work,  and  it's  quite 
possible  that  the  changes  occurring  may  be  similar,  although 
not  the  same,  during  cycling  and  storage. 

This  work  not  only  deals  with  the  immediate 
problem  of  how  to  store  cells  but  may  lead  to  a better 
understanding  of  what's  happening  in  this  mysterious  nickel 
electrode.  But  there  is  no  contradiction  between  the  two 
works. 


KUNIGAHALLI^  Thank  you. 
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REICHMAN  .(ECD) * I would  like  to  know  the  charge 
that  you  measure  under  the  voltogram?  Is  it  the  same  charge 
that  you  measure  during  the  discharge  and  charge  experiment? 

VYAS*  The  voltogram  samples  were  smaller.  Ihey 
were  2 centimeters  by  2-1/2  centimeters  since  my 
potentiostat  would  only  give  off  one  amp.  But  a quick 
calculation  of  measuring  the  area  under  the  curve  is  of  the 
same  order.  But  they  have  not  done  e charge/discherge  on 
the  same  electrode  as  sucht  and  these  experiments  are  still 
continuing. 


At  the  end  we  hope  to  match  that  with  a chemical 

analysis — 


REICHMAN*  And  what  was  the  scan  rate  that  you 

were — 

VYAS*  .05  millivolts  per  second. 

REICHMAN*  Thank  you. 

SCHULMAN  (JPD*  Would  your  work  have  any 
implications  as  far  as  deep  reconditioning  is  concerned?  Do 
you  have  any  thoughts  on  that  matter? 

VYAS*  Pd  just  like  to  abstain  from  answering 
that.  It-'s  a touchy  business,  end  .the  work  is  still  in 
progress.  T guess  Pll  Just  wait  until  it's  complete  and  I 
understand  everything  about  it. 

But  yes,  absolutely,  it  does  have  important 
impl icat ions . 

HENDEE  (Telesat,  Canada)*  I'm  sure  I missed  it, 
but  the  state  of  charge  of  your  open  circuit  cells  was  what? 

VYAS*  State  of  charge? 

. HENDEE*  100  percept,  0 percent? 

VYAS*  They  were  discharged—  All  the  electrodes 
were  discharged,  and  we  have  a diode  cutoff  at  .4,  and  the 
electrodes  do  show  a sharp  knee,  so  that's  the  condition. 

HENDEE*  Okay.  So  your  open  circuit  is 
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effectively  discharged  then  for  the  storage 


VYAS*  Yes. 

HENDEE*  Thank  you. 

VYAS*  If  you-'re  trying  to  imply,  the  material 
probably  does  have  some  capacity  in  there. 

HENDEE*  Yes. 

GASTQN  (RCA)*  I think  you  are  aware  that  most  of 
our  experience  has  been  somewhat  different.  For  the  last 
decade  or  so  we  stored  them  discharged  and  shorted. 

My  question  is  how  come  I haven't  seen  any 
capacity  loss  on  my  cells?  And  I think  a lot  of  other 
people  might  not  have  seen  a capacity  loss  either  by  storing 
them  shorted.  In  other  words  I'm  not  quite  convinced  by 
your  work.  Now  whether  it's  unique  or  something  special, 

I'm  not  convinced  that  I will  see  the  capacity  loss  in  my 
cells  because  I haven't  seen  it. 

'VYAS*  As  I said,  I think  1 tried  to  emphasize 
that  temperature  plays  a very  important  role  in  this,  room 
temperature.  If  you'll  look  at  the  shorted  and  the  open 
circuit,  the  difference  in  about  a month  of  storage  is  of 
the  order  of  only  4 percent. 

So  if  you  are  at  the  lower  temperature  as  far  as  a 
practical  application  is  concerned,  you  may  not  see  a loss, 
but  the  results  do  seem  to  suggest  that  there  is  a 
difference  when  you  go  through  a whole  random  matrix. 


We  have  seen  losses  in  cells  which  are  shipped  to 
us.  Others  have  done  that,  and  they  are  mostly  shipped 
shorted.  So  there  is  a loss. 

There  is  also  a loss  if  you  store  them  in  open 
circuit  for  a very  long  time.  I think  there  was  a paper  in 
the  late  '70s  suggesting  that,  too.  So  there  is  a loss. 

But  temperature  is  a very  important  factor. 

GASTON*  Well,  it's  pretty  well  standard  procedure 
at  Aerospace  to  store  them  at  0 degrees  C,  so  that's  the 
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range  where  you  store  them. 

Now  are  your  r^esults  based  on  cylindrical  ceils, 
prismatic  cells?  Are  they  commercial  type  cells? 

VY.AS*  Prismatic  Aerospace. 

GASTON*  Your  results  are  somewhat  unique  and  also 
different  from  what  NASA  had  observed  several  years  ago. 

VYAS*  We  have  a program  now  to  try  to  study  this 
on  real  cells.  That-'s  why  I pointed  out  we  have  to  be 
careful  in  translating  the  electrode  work  to  a cell.  But  I 
feel  quite  reasonably  confident  that  you^ll  see  similar 
stuff  if  a systematic  kind  of  work  is  done. 

I'm  not  aware  of  a systematic  work  on  the  cell 
where  they  tried  to  really  study  it.  If  there  is  any  I'd 
like  to  know. 

GASTON*  I Just  wanted  to  caution  people  somewhat 
on  the  recommendation  not  to  switch  over  immediatly.  This 
may  be  Just — 

VYAS*  I absolutely  agree,  and  that's  why  it  was 
underlined  out  there. 
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LOSS  IN  CAPACITY  nu 


EKetrixtti  sintertd  Hide  Electrode 

EltCtrOcheMICdlty  DeoDSIted 
1.5*  • l.S'  • O.OJe* 

EleCtroIytii  30t  koh.  Flooded  Cell 

Storoge:  Dlicitorged  Condition 

J2*C  t«T).  60*C  ond  80'C 
Shorted  ond  Coen  Circuit 

Cycling!  At  Aoon  Temoeroture 

Aote  - III  ch  * c/io  for  ten/  nisch  - c/2 
till  Ch  • C for  1.2h,  Disch  - C 
Five  Cycles 

Coooclty  LOSS  • Coooclty  of  Cycle  • Initial  Coooclty 


Figure  30-1 


Figure  30-2  Figure  30-3 
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EFFECT  OP  STORAGE  ON  CAPACITY 
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1.  Capacity  loss  Increases  with  Increase  in 
temperature  of  storage. 

2.  The  rate  of  capacity  loss  is  larger  for  shorted 
electrodes  than  electrodes  stored  In  the  open 
circuit  condition. 

5.  Capacity  loss  related  to  structural  changes  In 
the  octlve  material. 

•K1(0H)2  ' SNKOHlj  * inactive  s'NHOHIj 

4.  Results  from  flooded  cells  may  not  directly 
translote  to  starved  condition  In  sealed  cells. 

RECOWMEWDATION 

ttore  and  ship  Nl/Cd  and  NI/H2  cells  at  low  temperatures 

and  In  the  open  circuit  condition, 


Figure  30-11 
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SINTERED  PLAQUE  CHARACTERISTICS 
H.  Vaidyanathan 
CQMSAT 

The  positive  electrode  degrades  in  performance 
with  cycling  in  a nickel-hydrogen  battery,  and  this  limits 
the  battery  cycle  life.  This  degradation  can  be  traced  to 
several  structural  and  operating  parameters  in  the  battery, 
and,  most  importantly,  the  quality  of  the  sintered  plaque. 
Therefore,  COMSAT  Laboratories  have  initiated  a positive 
electrode  R&D  program  which  encompasses  all  aspects  of 
fabrication  and  characterization. 

As  a first  step,  we  are  focusing  on  the  sintered 
plaque.  Our  objective  here  is  to  identify  a manufacturing 
procedure  in  which  we  can  have  the  maximum  control  of  the 
process  parameters.  We  are  also  exploring  several  ways  to 
characterize  the  sintered  plaque  so  that  improvements  can  be 
compared. 


By  way  of  background,  the  structural 
transformations  occurring  during  sintering  is  illustrated  in 
the  first  slide. 

(Figure  31-1) 

Now,  as  you  know,  the  starting  material  is  the 
Inco  nickel  powder.  And  there  are  two  kinds  of  powders;  the 
type  255  and  the  type  287.  The  Inco  nickel  powder  has  a 
very  characteristic  spikey  structure,  and  it  has  an 
irregular  crystal  structure,  too.  And  these  powders  have  a 
size,  in  terms  of  diameter,  of  about  2-1/2  micrometers  and  a 
density  that  ranges  from  half  a gram  per  cubic  centimeter  to 
one  gram  per  cubic  centimeter. 


When  this  nickel  powder  is  roasted  under  a 
reducing  atmosphere,  at  about  600  to  800  degrees  C.  the 
rounding  of  the  particles  by  surface  diffusion  takes  place. 
The  second  step  is  consolidation  of  these  rounded  particles, 
which  occurs  at  800  to  900  degrees  C. 

If  the  sintering  is  continued  and  the  temperature 
is  raised,  these  rounded  particles  form  clusters.  If  a 
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properly  sintered  plaque  is  viewed  under  a scanning  electron 
microscope  it  .will  present  the  appearance  of  clusters  of 
spherical  particles. 

Now,  if  the  sintered  plaque  is  oversintered,  and 
then  it  Is  cooled,  then  there  is  some  plastic  flow,  and  this 
plastic  flow  results  in  a shrinkage.  Not  only  that,  the 
plastic  flow  creates  some  necks  in  the  sintered  matrix.  It 
has  been  shown  in  the  literature  that  the  necks  are  very 
brittle.  So  predominant  necking  in  a sintered  plaque  is  an 
indication  that  the  plaque  has  lower  strength. 

There  are  some  empirical  relations  regarding  the 
parameters  during  sintering,  and  they  are  illustrated  in  the 
next  slide. 


(Figure  31-2) 

These  empirical  relationships  should  be  considered 
in  addition  to  what  has  been  published  by  Falk  and  Salkind 
in  their  battery  review. 

The  important  parameter  we  have  considered  is  the 
density  of  the  compacted  powder  before  sintering.  There  is  a 
relationship  in  the  sense  that  the  retio  of  the  volume  of 
the  pores  after  sintering  to  the  volume  of  the  pores  before 
sintering  is  a constant.  And  it  is  a constant  for  a certain 
range  of  values  for  the  density  of  the  compacted  powder. 

Now  the  second  relationship  is,  there  is  a 
deviation  from  this  constancy,  and  that  begins  with  increase 
in  closed  porosity. 

The  third  is  that,  if  the  censlty  of  the  compact 
is  increased,  then  the  strength  of  the  sintered  plaque 
increases.  And  as  the  density  increases,  the  porosity 
decreases. 


In  addition  to  all  this,  if  you  introduce 
additives  to  the  nickel  powder,  as  you  do  in  the  slurry 
process,  such  as  carboxy-methyl-cel lulose  or  polyor,  then 
that  disrupts  the  normal  densif icaticn.  Or,  in  other  words, 
it  disrupts  the  shrinkage  during  sintering. 

Now,  if  you  consider  the  other  parameters  like 
temperature  and  time,  increasing  the  sintering  temperature 
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increases  densif ication,  or  it  decreases  porosity. 

Now,  expansion  of  the  pores  occurs  if  the 
isothermal  sintering  time  is  increased.  This  normally 
doesn-'t  happen  in  the  battery  plaque,  because  the  sintering 
time  is  about  twenty  minutes.,  And  you  can  actually  observe 
expansion  only  if  the  time  exceeds  one  hour. 

Now,  in  order  to  illustrate  the  first  point,  I 
will  show  you  a graphical  relationship. 

(Figure  31-3) 

Here  is  a literature  plot  of  the  ratio  of  the  pore 
after  sintering  to  before  sintering,  plotted  against  the 
density  of  the  compact.  The  dependence  of  the  porosity  and 
strength  on  temperature  and  time  also  is  dependent  on  where 
we  are  looking  at  in  this  curve.  Most  of  the  relationships 
apply  only  if  you  are  in  this  plateau  region. 

Now,  I should  say  that  these  empirical 
relationships  will  help  in  selecting  a set  of  process 
parameters  to  produce  the  sintered  plaque.  However,  there 
is  no  physical  theory  to  explain  the  phenomena  of 
densif icatlon. 

On  the  basis  of  these  relationships,  we  evolved  a 
procedure  to  make  the  sintered  plaque,  end,  as  you  know,  we 
had  a choice  between  the  loose  powder  procedure  and  the 
slurry  procedure.  We  selected  the  loose  powder  procedure  for 
reasons  which  will  be  obvious  during  the  course  of  my 
presentation. 


The  loose  powder  procedure  consists  of  using  a 
sintering  furnace,  which  has  zonal  heating.  And  this  is  a 
conveyor-type  furnace,  which  we  acquired. 

(Figure  31-4) 

This  slide  shows  the  scanning  electron  microgram 
of  the  255  powder  at  a magnification  of  15,000.  As  I 
mentioned,  this  nickel, powder  has  a characteristic  spikey 
surface*  The  driving  force  for  the  sintering  is  the  excess 
surface  energy  of  this  powder. 
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First  we  produced  an  experimental  plaque  to  see 
the  effect  of  temperature  on  the  mlcrostructural 
characteristics. 

(Figure  31-5) 

This  is  a sintered  plaque  produced  by  the  loose 
powder  procedure  In  which  we  purposely  reduced  the 
temperature  to  800  degrees  C,  And,  as  I said,  a properly 
sintered  plaque  exhibits  rounded  particles,  whereas  this 
sintered  plaque  still  retains  some  of  the  angular  features 
particles.  And  this  an  example  of  incomplete  sintering. 


(Figure  31-6) 

This  is  the  scanning  electron  microscope  picture 
of  an  optimized  sintered  plaque,  which  was  produced  by  the 
Comsat  procedure.  And  this  consists  of  rounded  particles, 
several  of  them.  And  the  particle  diameter  when  measured  is 
about  3 micrometers.  And  sometimes  some  of  the  particles 
Join  together.  And,  even  here,  the  diameter  does  not  exceed 
more  than  7 micrometers. 

This  micrograph  does  not  show  any  long  necks,  and 
it  does  not  have  the  so-called  "clumping"  which  you  observe 
in  an  improperly  sintered  plaque, 

(Figure  31-7) 

We  compared  the  mlcrostructural  characteristics  of 
the  Comsat  sinter  with  those  we  purchased  from  a vendor.  And 
this  plaque  is  produced  by  the  slurry  procedure.  As  you  can 
see,  this  shows  predominant  necking.  There  are  several 
necks  in  the  sintered  plaque,  and  we  have  observed  such  kind 
of  necking  in  all  the  plaques  produced  by  the  slurry 
procedure. 


Now,  as  I said  before,  necking  is  a source  of 
weaker  strength  in  the  plaque.  In  order  to  prove  our  point, 
we  studied  .the  fracture  mechanics  of  a sintered  plaque.,  For 
this,  we  examined  the  slurry  process  plaque,  and  then  we 
fractured  it  by  pulling  it  in  a direction  perpendicular  to 
the  surface.  And  we  modified  our  scanning  electron 
microscopic  procedure  and  used. the  stereo  scan  in  the  SEM. 
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(Figure  31-8) 

Now,  when  you  use  the  stereo  scan,  you  necessarily 
take  a stereo  pair.  And  that  stereo  pair  is  examined,  which 
gives  a three-dimensional  view  of  the  fracture.  This  is 
one  of  the  pairs  in  that  stereo  pair.  And  here  is  the 
fracture.  And  this  is  part  of  the  neck.  And  this  particle 
is  actually  below  this  one.  And  here,  also,  the  neck  broke. 

Now  this  proves  that  necking  decreases  the 
strength  in  a sintered  plaque. 

Now  another  microstructural  characteristic  we 
considered  was  the  occurrence  of  macro  voids  in  the  sintered 
plaque . 


When  the  sintered  plaque  is  examined,  or 
the  cross  section  of  it  is  examined  under  an  optical 
microscope,  sometimes  you  observe  large  voids. 

(Figure  31-9) 

This  is  the  cross  section  of  a slurry-produced 
sintered  plaque.  We  took  a sample  of  the  slurry  plaque,  and 
then  mounted  it,  potted,  ground,  polished,  and  viewed  it  under 
a microscope.  And  this  at  a magnification  of  about  60, 

Now  you  can  see  several  large  voids  in  this.  And 
the  largest  dimension  of  some  of  these  voids  actually 
exceeds  a tenth  of  the  thickness  of  the  sample.  And  there 
are  several  of  them.  And,  in  addition  to  that,  the  slurry 
process  plaques  have  got  clumping;  the  particles  are 
agglomerated,  which  gives  a non-uniform  porosity. 

Now,  this  can  be  compared  to  the  loose  powder 

plaque. 


(Figure  31-10) 

This  is  the  cross  section  of  the  Comsat  loose 
powder  sinter.  There  are  no  large  voids,  and  the  porosity 
is  uniform.  This  is  actually  the  substrate,  which  is  20  X 20 
mesh. 

Now  another  structural  characteristic  of  the 
sintered  plaque  is  the  compaction  at  the  eages.  Sometimes 
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when  the  slurry  plaque  is  examined  under  a microscope  you 
will  see  some  compaction. 

(Figure  31-.1 1 ) 

•This  is  the  microscope  picture  of  a slurry  process 
plaque  which  is  showing  compaction  at  the  edges.  Both  the 
edges  show  compaction..  Compaction  is  not  desirable,  since 
during  electrochemical  impregnation  the  active  materials  do 
not  penetrate  fully  If  there  is  compaction. 

(Figure  31-12) 

This  slide  shows  the  cross  section  of  the  loose 
powder  plaque.  There  is  no  compaction,  end  the  distribution 
of  the  particles  is  uniform. 

Now,  our  objective  in  this  detailed 
microstructural  characterization  is  to  relate  the 
microstructural  characteristic  to  the  mechanical  strength  of 
the  sintered  plaque,  which,  in  turn,  can  be  correlated  to 
other  failure  mechanism  on  the  positive  electrode,  such  as 
blistering  and  swelling. 

The  next  characteristic  we  examined  was  the 
microgeometrical  characteristic,  and  a geometrical  analysis 
of  the  sintered  plaque  can  be  made  using  a mercury 
porosimeter. 

(Slide,  not  available) 

The  mercury  porosimeter  gives  a relationship 
between  the  volume  of  the  mercury  in  cc-'s  per  gram  with 
respect  to  absolute  pressure. 

(Figure  31-13) 

This  is  the  graphical  result  of  the  mercury 
porosimeter  experiment.  And  here  the  penetration  volume  is 
plotted  against,  actually,  the  absolute  pressure,  from  which 
we  calculate  the  pore  diameter. 

This  is  the  conventional  way  of  describing  the 
pore  size  distribution  in  a sintered  plaque.  However,  if 
you  view  it — this  is  actually  an  integral  curve,  and  the 
analysis  of  the  data  can  be  simplified  further  by  taking  the 
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derivative  of  the  penetration  volume  with  respect  to 
logarithm  of  the  pressure.  Now»  such  a plot  is  shown  in  the 
next  slide. 


(Figure  31-14) 

This  curve  shows  the  distribution  of  the  pores » or 
the  population  of  the  pores  in  a given  range  of  diameters. 

Or  we  can  also  view  the  derivative  as  the  volume 
distribution  function  and  the  figure  becomes  pore  spectrum. 
In  the  Comasat  sinter,  most  of  the  pores  have  size  which  is 
9 micrometers. 


Now  the  height  of  the  peak  is  proportional  to  the 
population  of  the  pores  with  that  diameter.  In  actual 
practice  the  median  volume  pore  diameter  is  slightly 
different  from  the  pore  diameter  at  which  most  of  the  pores 
occur. 


Now,  even  here  the  analysis  of  the  data  is 
incomplete,  since  we  really  don-'t  know  what  is  happening  in 
this  range  of  pore  diameter,  at  the  higher  and  the  lower 
end. 


Therefore  we  replotted  the  first  curve  in  the 
following  manner* 

(Figure  31-15) 

This  shows  the  percentage  pore  volume  with  respect 
to  pore  diameter,  and,  from  which  you  can  calculate  several 
data,  and  those  are  shown  in  this  figure.  And  this  shows 
that,  for  example,  the  90  percent  volume  pore  diameter  and 
the  10  percent  volume  pore  diameter,  as  well  as  the  median 
volume  pore  diameter  and  porosity. 

These  data  can  be  compared  to  the  data  obtained 
when  you  use  a slurry  process  plaque. 

(Figure  31-16) 

Here  is  the  porosimeter  first  curve  which  gives 
the  relationship  between  penetration  volume  and  pore’ 
diameter. 
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(Figure  31-17) 


This  gives  the  derivative  curve.  Here  we  can  see 
the  difference  between  the  loose  powoer  procedure  and  the 
slurry  procedure.  Here  the  peak  is  not  only  truncated,  but 
has  a wider  range.  The  distribution  of  the  pores  is 
inferior  in  the  slurry  process  plaque. 

(Figure  31-18) 

Here  I have  compared  the  percent  volume  per 
diameter,  the  10  percent/90  percent  median,  and  porosity. 

The  next  slide  summarizes  all  the  data, 

(Figure  31-19) 

Here  is  a slurry  plaque,  which  has  a porosity  of 
.70.6,  and  we  get  a median  volume  pore  diameter  of  11.7.  Ten 
percent  of  the  pores  had  a diameter  in  excess  of  17,5.  And 
90  percent  of  the  pores  had  volume  in  excess  of  4.6. 

The  next  characteristic  we  examined  was  the 
mechanical  strength  of  the  sintered  plaque. 

(Slide,  not  available) 

For  this,  we  used  a pull  test  procedure  to  determine 
the  tensile  strength.  And  in  this  procedure  the  sintered 
plaque  is  pulled  in  a direction  perpendicular  to  the 
surface.  The  sample  is  pulled  in  an  Instront  machine, 
and  the  deflection  versus  load  is  recorded. 

(Figure  31-20) 

This  slide  shows  the  results  of  the  tensile 
strength  data.  "Commercial"  stands  for  slurry  process 
plaques.  They  had  a lower  strength  than  the  loose  powder 
plaque , 


The  last  characteristic  we  examined  was  the 
corrosion  of  the  sintered  plaque.  As  you  know,  the  sintered 
plaque  is  normally  passivated  before  it  is  impregnated  in 
the  electrochemical  procedure.  The  passivation  is  done 
to  reduce  corrosion  during  impregnation. 
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Sometimes  the  plaques  do  not  passivate  easily* 

And  this  has  been  attributed  to  the  impurities  in  the 
sintered  plaque,  particularly  those  produced  using  the 
slurry  process. 

(Figure  31-21) 

We  determined  the  corrosion  of  the  passivated 
plaque  using  a procedure  evolved  at  Bell  Laboratories.  The 
procedure  consists  of  immersing  the  passivated  plaque  in 
cadmium  nitrate  solution,  and  if  the  plaque  has  a weight 
gain  it  shows  that  it  is  corroding.  And  if  there  is  no 
weight  gain  it  is  not  corroding. 

We  didn^t  have  any  problem  with  the  loose  powder 
plaque.  As  I told  you,  this  is  actually  related  to  the  ease 
with  which  you  can  passivate  the  sintered  plaque.  Where  as 
the  slurry  process  plaque  gives  a wioe  spectrum  of  results. 
If  you  do  not  clean  the  plaque,  they  corrode.  And  sometimes 
it  corrodes  more.  And  if  the  plaque  is  washed  thoroughly 
the  corrosion  is  practically  nothing* 

Now  to  conclude. 

(Figure  3 1 -22) 

We  have  obtained  some  experimental  results  that 

show  that  the  loose  powder  plaque  has  properties  somewhat 
superior  to  that  produced  by  the  slurry  process.  And  this 
slight  edge  over  the  slurry  process  is  not  in  our 
fabrication  procedure,  but  it  is  actually  inherent  in  the 
loose  powder  technique  itself. 

So  I have  summarized  the  advantages  of  the  loose 
powder  technique,  in  the  sense  that  the  densif icat ion  is 
normal  or  the  shrinkage  mechanism  is  normal,  and  it  IS  a 
function  of  only  three  variables*  time,  temperature  and 
density  of  the  compact.  Now,  since  we  are  going  to  deal 
only  with  three  variables,  it  is  very  easy  to  evolve 
sintering  parameters  to  suit  a particular  application.  We 
can  produce  a sintered  plaque  with  a lower  strength  and 
higher  porosity  or  a higher  strength  and  lower  porosity. 

The  properties  of  the  plaque,  such  as  porosity  and 
strength,  are  predictable. 

Thank  you. 
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DISCUSSION 


SCHULMAN  XJPL)«  What  sort  of  powder  did  you  use 
on  these  experiments? 

-VAIDYANATHANi  255. 

SCHULMAN^  Just  the  Carbone! -nickel? 

VAIDYANATHAN*  Yes. 

SCHULMAN*  Did  you  try  any  of  the  reduce  nickel 
powders  at  all? 

VAIDYANATHAN*  No. 

LACKNER  IDef ense' Researcht  Canada)*  On  your 
porosity  analysis  you  used  a mercury  porosimeter.  Did  you 
try  any  correlation  with  a gas  analysis^  like  a BET,  which 
is  perhaps  a li.ttle  bit  more  sensitive? 

.VAIDYANATHAN*  BET  will  provide  you  the  overall 
surface  area.  But  what  we  are  looking  for  is  the  porosity 
and  the  distribution  of  the  pores. 

LACKNER*  WeJl,  we-'ve  sort  of  found  that  the 
mercury  is  a little  bit  of  a sledge-hammer  approach*  it 
could  break  up  the  pores,  and  it  either  gives  a reading  or 
it  doesn-'t  give  a reading.  The  slope  you  have  there  is  very 
sharp.  It  doesn^t  show  any  spread  of  porosity. 

VAIDYANATHAN*  That  is  the  advantage  of  our 
procedure.  With  the  loose  powder  technique  one  can  produce 
a plaque  with  a pore  distribution  which  is  very  uniform. 

LACKNER*  Well,  even  on  the  slurry  which  you 
showed  in  your  electron  microscope  that  had  clumping  and 
voids ♦ the  mercury  porosimeter  still  did  have  a fairly 
sharp — 

•VAIDYANATHAN*  Yes,  it  has,  if  you  consider  the 
first  curve,  which  merely  shows  the  relationship  between  the 
penetration  volume,  and  the  diameter  of  the  pores. 

Most  of  the  curves  look  the  same.  That  is  why  we 
went  and  took  the  derivative  of  this  penetration  volume  and 
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replotted  it.  There  you  can  see  some  difference. 

PUGLISJ  (YardneyOi  You  mentioned  that -.you  were 
using  screen.;  is  that  correct? 

VAID.YANATHAN*  Yes. 

PUGLIS.Ii  Also  I notice  In  a cross-section  of  the 
plaque  you-'re  producing,  that  the  screen  Is  off  to  one  side. 

VAIDYANATHAN*  Yes,  it  is. 

PUGLISI*  Do  you  fores.ee  any  problems  in  the 
Impregnation  as  far  as  uniformity  across  the  cross-section.? 

VAIDYANATHAN*  No,  we  don-'t. 

PUGLISJ*  And  do  you  foresee  any  problems  with 
potential  warpage  of  the  plaque  because  of  the  grid  being 
off  to  one  side,  when  you  start  getting  to  larger 
electrodes  ? 

VAIDYANATHAN*  You  mean  when  the  thickness  exceeds 
a certain  value?  /<e  may  see  that. 

PUGLISI*  Well,  what  thickness  do  you  anticipate? 

VAIDYANATHAN*  We-'re  talking  about  30  mills. 

PUGLISI*  I suspect  that  you-'re  going  to  start 
seeing  some  warpage  of  plates,  especially  if  you  stay  with 
the  grid  off  to  one  side.  I know  the  loose  powder  tends  to 
kind  of  force  you  to  that  sort  of  geometry. 

DUNLOP  (Comsat)*  The  screen  was  purposely  put  on 
one-sided.  It  can  be  put  in  the  middle. 
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SINTERING  MECHANISM  OF  NICKEL  POWDER 


600  - 800'C 
800  - 900* C 
900  - lOOO'C 
1000  - 1100"C 


Rounding  of  particles  by  surface  diffusion 

Consolidation  of  rounded  particles 

Formation  and  growth  of  clusters 

Plastic  flow  during  shrinkage  which  results 
IN  necks 


Figure  31-1 
EMPIRICAL  RELATIONSHIPS 


1.  The  ratio  of  the  volume  of  the  pores  after  sintering  (vs>  to  the  volume  of 

THE  PORES  BEFORE  SINTERING  (Vp)  IS  A CONSTANT  FOR  VARIOUS  VALUES  OF  THE 
DENSITY  (Dp)  OF  THE  COMPACTED  POWDER. 

2.  The  deviation  from  Vs/vp  = constant  begins  with  an  increase  of  closed 

POROSITY. 

3.  StRENQTH  OF  THE  PLAQUE  INCREASES  AND  POROSITY  DECREASES  WITH  AN  INCREASE 
IN  Dp, 

A,  Addition  of  pore  formers  disrupts  the  normal  densification. 

5.  Increase  in  sintering  temperature  increases  densification. 

6.  Expansion  of  the  pores  occurs  if  the  isothermal  sintering  time  is  increased. 

Figure  31-2 


Variation  of  vs/vp  when  the  densification 
IS  normal. 

Figure  31-3 
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Figure  31-8 
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Cross  section  of  a slurry  prepared 
sintered  plaque  which  shows  macrovoids. 

Figure  31-9 


Figure  31-10 


Figure  31-11 


Figure  31-12 
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Figure  31-18 
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Table  3 


Table  I 

TYPICAL  mCROGEOHETRICAL  DATA 


Samele.  I.IU 

. Porosity 

SiHTERINO  rRfi£ij;UR£  _ 1__ 

, Median 
VOL.rORE 
Diameter 

KM 

lo:  voLo 

Diameter 

KM 

90Z  Vot, 
Diameter 

KM 

A 

SLURRY 

70.6 

11.7 

17.5 

N.5 

59-2 

SLURRY 

7A.8 

9.9 

16.8 

A.A 

Spiral  1 

SLURRY 

76, N 

7.1 

13.0 

2.3 

COMSAT  G8.8 

LOOSE  POWDER 

76.7 

8.0 

11.3 

A.? 

Figure 

31- 

19 

CORROSION  OF  PASSIVATED  PLAOUE 

Sample  I.D. 

J Weioht  Gain 

A 

» 

B 

19.9 

59-S-7 

0 

COMSAT  59 

0 

Figure  31-21 


TYPICAL  TENSILE  STRENGTH  OF  SlIITERED  PLAGUE 


Sample  I.D. 

Tensile  Strength 

PS1 

Commercial  - A 

51'l 

Commercial  - 9/10 

261 

Commercial  - 59-S-A 

583 

COMSAT  - 58-8 

636 

COMSAT  - 59 

726 

AF 

CO 

Figure  31-20 


ADVANTAGES  OF  LOOSE  POWDER  TECHHIODE 

1.  The  densification  is  normal  and  it  is  a function  of  only  three  variablesi 
temperature,  time,  and  density  of  the  compact. 

2.  Easy  to  evolve  sinterins  parameters  to  suit  a particular  application, 

3.  Properties  of  the  plaque  such  as  porosity  and  strensth  are  predictable, 

Figure  31-22 
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RECENT  DEVELOPMENTS  IN  THE  NSWC  COMPOSITE  ELECTRODE 

W.  Ferrando 
NSWC 

Bafjor.e  I start  Hd  like  to  credit  not  only  Dr. 
Sutula  and  Dr.  Lee  but  also  U.S.N.  Ensign  Fred  Flight  and 
Anne  Lee,  a coop  chemical  engineering  student,  who  are  also 
working  with  us. 

There  have  been  a number  of  attempts  in  recent 
years  to  improve  tha  .nickel  hydroxide  electrode,  with 
respect  to  what  we  call  the  thr,ee  L-'s?  longevity, 
light-weight,  low  cost.  And  this  is  the  continuing  story  of 
our  attempt  to  do  so. 

The  objective  of  this  talk  is  to  characterize  the 
physical  parameters  and  life  cycle  data  on  the  nickel 
composite  electrodes,  which  we^'ve  abbreviated  as  Ni.c.E. 
electrodes . 


(Figure  32-1 ) 

This  is  a picture  of  one  of  our  sintered  composite 
electrodes  fabricated  from  a pitch-mat  carbon  fiber.  Ihe 
nominal  uncoated  fiber  diameter  range  is  7 to  17  microns. 
It's  a highly  graphitized  pyrolytic  graphite.  About  .6  to 
.8  micron  coating  of  nickel  is  deposited  on  the  fibers  using 
an  electrolysis  process.  The  mats  are  then  pressed  between 
two  plates  and  sintered  in  hydrogen  atmosphere  for  two 
hours,  which  may  be  an  overkill. 

Concerning  the  pore  size,  we  haven't  done  too  much 
work  on  this  as  far  as  distribution,  shape,  etc,  but  we  have 
estimated  the  pore  size  to  be  on  the  order  of  the  fiber 
diameter,  7 to  1 7 microns.  This,  of  course,  depends  on  the 
compaction. 


As  far  as  the  modeling  of  the  pore  shape  profile, 
there  could  be  one  completely  open  pore  through  the  whole 
plaque,  or  it  could  be  a bunch  of  tetrahedral  or  trapazoidal 
shapes  with  maybe  cycloidal  walls.  But  this  remains  to  be 
seen  in  the  future. 

(Figure  32-2) 
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The  next  slide  shows  how  we  actuaJly  make  the 
plaque  and  subsequently  the  plate  itself.  The  graphite  mat 
fiber  Is  coated  with  nickel  and  then  pressed  around  a grid 
and  sintered,  producing  the  plate  in  the  fourth  quadrant. 
Shown  is  the  rough  comparison  of  weight. 

We-'ve  gone  over  to  an  expanded  metal,  pure  nickel 
metal  grid.  It-'s  easier  to  fabricate  than  the  homemade  one. 

After  these  plaques  are  .characterized,  they  are 
impregnated  by  the  Pickett  method.  Ke-'ve  been  using  ten 
percent  cobalt  and  closely  following  his  method  in 
•"Fabrication  and  Investigation  of  Nickel-Alkaline  Cells-", 
AFAPL-TR-75-34  (1975) . The  composite  electrodes  are  put 
into  test  cells  versus  commercial  cadmium  negatives.  We 
put  enough  negatives  around  them  to  make  sure  the  cells 
are  positive-limiting.  The  plate  size  is  six  inches  by 
two  and  three-quarters . 

We've  been  testing  the  single  plate  cells.  I'll 
say  a little  bit  about  multi-plate  cells  at  the  end,  but 
we're  still  in  the  single  plate  test  phase.  Cells  are 
cycled  in  the  flooded  condition,  31  percent  KOH,  no 
additives  to  the  KOH,  no  compression  on  the  ceil  stack.  So 
the  electrodes  are  essentially  free-standing.  We  have  a 
bubble  around  it  to  prevent  the  contamination  from  the  air, 
carbon,  etc. 

(Figure  32-3) 

I'm  going  to  present  about  four  sets  of  data, 
cycles  versus  utilization.  There  are  important  parameters 
indicated. 


First  a word  about  cycling.  The  cycling  machine 
we  used  is  continuous  cycling,  constant  charge  followed  by 
about  a ten  minute  rest,  then  discharge  continuously  to  .05V 
cutoff.  The  dropped  points  there  are  the  cycler  malfunction. 
So  that's  a problem  with  the  cycler.  We  have  since  corrected 
that  in  the  rest  of  the  data. 


Using  the  new  cyclers,  we  estimate  fluctuation 
error  at  about  plus  or  minus  two  percent,  to  three  percent. 
So  the  fluctuations  in  capacity  noted  as  cycling  progresses 
are  real. 
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A couple  of  features  on  this*  You'.ll  notice  the 
long  time,  the  long  number  of  cycles  to  get  up  to  the 
plateau  utilization.  This  is  a thin  electrode,  relatively 
thin,  24  mils.  This  first  cell  .was  discharged  at  two  C 
to  the  0.5  cutoff,  about  a 95  percent  DOD. 

For  about  80  cycles  or  so  It-'s  rising  up  and  then 
it  reaches  about  100  percent  utilization.  This  is  a 
fairly  lightly  loaded  plate.  By  our  standard  it's  moderately 
loaded.  The  amp-hours  per  kilogram  ere  given  on  the  right 
side,  so  it  goes  up  to  about  125. 

(Figure  32-4) 

This  is  another  thin  plate,  20  mils.  What 
we  did  on  this  one  to  try  to  get  maximum  information  is  to 
vary  the  rate,  the  cycling  rate.  Ihe  charge  rate  was  set 
at  C,  125  percent  charge.  Out  to  40C  cycles  the  discharge 
rate  was  C/2.  Then  we  began  to  cycle  it  with  the  same 
charge.  We  ran  the  cycle  at  the  C rate  to  essentially 
the  failure  to  see  how  far  the  thing  would  go. 

So  again  it  went  up  for  abcut  100  cycles  up  to  a 
plateau  at  100  percent. 

, Now,  on  the  thin  plates  we  achieved  around  100 
percent  utilization.  At  400  cycles,  the  C rate  discharge 
was  employed  out  to  about  750  cycles;  I dropped  it  beck  to 
C/2  and  cycled  it  at  800  cycles.  A partial  recovery  was 
notec  during  the  latter  50  cycles. 

Here  I drew  two  curves  through  the  data,  a rough 
chart  of  electrode  life  at  those  two  different  rates.  In 
other  words,  approximating  the  respective  electrode  lifetime 
profiles.  I realize  this  is.  not  completely  valid,  but  we're 
trying  to  get  the  maximum  information  to  put  on  the  shortest 
time. 


.1  have  two  more  sets  of  data. 

(Figure  32-5) 

These  two  are  of  thicker  plates  (40  mil).  You  can 
see  the  capacity  there,  4,9  amp-hours.  The  cell  was  charged 
at  C/2  rate,  120  percent.  Two  rates  of  discharge  were 
employed  on  this  cell*  C/2  (dark  points)  and  C/5  (open  points). 
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You  can  see  this  is  a higher  loaded  plate  (1.98 
g/cc  void.  And  you  can  see  the  utilization  is  between 
about  70  and,  say,  85,  87  percent.  At  the  C/5  discharge 
rate  it  reached  175  amp-hours  per  kilogram.  And  it  stayed 
pretty  much  of  a plateau  out  to  500  cycles. 

(Figure  32-6) 

It's  another  electrode,  40  mils,  C rate.  And  this 
one  I altera ted.  I altera ted  between  three  different  rates. 
The  C/5  points  are  around  200  cycles  (the  diamond)  and  then 
there's  one  C/5  at  750  cycles.  It  rises  up  to  more  or  less 
flat  (200-500  cycles)  then  begins  to  tail  off  at  a larger 
number  of  cycles.  Similarly  for  C/2  (dark)  and  C (open) 
points.  You  can  see  the  amp-hours  per  kilogram  bare 
electrode  energy  densities*  165  or  so  for  the  C/5,  and  then 
the  C/2  around  160,  and  then  the  C r^te  about  130. 

VN'e  learned  from  this  that  it  takes  100  cycles  or 
so  to  reach  maximum  utilization,  then  it  goes  along,  then  it 
starts  to  tail  off. 

(Figure  32-7) 

This  is  some  of  Dr.  Lee^s  data  on  our  thick  and 
thin  electrodes  and  a recently  obtained  commercial  one.  Ihis 
versus  the  mercuric  oxide  counterelectrode  shows  the  effects 
of  the  cadmium  are  eliminated  in  this  case.  We're  just 
looking  at  the  potential  of  the  nickel. 


This  is  very  preliminary  data.  This  is  at  the  2C 
rate  on  these.  On  discharge,  the  potential  is  lower  than 
the  commercial;  but  on  the  thin  one,  the  potential  remains 
quite  good,  as  a matter  of  fact,  The  thin  one  is  ten  mils 
and  the  thick  one  is  40  mils. 

At  first  we  thought  we  might  be  able  to  explain 
this  by  some  morphology  changes  in  the  active  material  or 
structural  changes,  but  possibly  it's  due  to  the  differences 
here  as  a proton  diffusion  limitation.  And  we're  going  to 
do  more  work  on  this.  But  you  can  see,  though,  that  we  do 
get  the  range  as  far  as  performance.  We  can  vary  the  range 
around  the  commercial  electrode. 
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(Figure  32-8) 

These  are  the  physical  characteristics  of  a group 
of  electrodest  including  the  ones  that  I showed.  Table  I 
gives  the  thickness.  And  these  are  thicknesses  after 
impregnation.  Here  are  the  loadings  and  the  grams  per  cc 
void  and  then  the  amp-hours  per  kilogram  and  amp-hours  per 
pound  loading,  and  then  there's  the  amp-hours  per  cubic 
inch,  and  the  C rating  and  porosities. 

The  porosity  of  these  plaques  can  be  varied 
anywhere  from  55  to  over  90  percent  with  good  integrity, 

I mean  a plaque  that's  usable,  because  of  the  fibrous  nature 
of  the  structure.  It's  an  interesting  system.  We  can  get  a 
very  wide  range  of  porosities.  We  haven-'t  really  tapped  all 
of  these  yet. 

The  commercial  electrode  has  a thickness  33  mils. 

I want  to  point  out  number  97.  That's  not  a fluke, 
amp-hours  per  kilogram  loadings  of  200  without  exceeding  2 
grams  per  cc  void  are  readily  achievable.  The  reason  is  the 
very  light  weight  of  the  plaque.  You  can  really  load  to  very 
high  levels.  To  reach  a 200  amp-hour  per  kilogram  loading, 
the  final  plaque  weight  must  be  3.25  times  the  initial 
weight.  This  is  virtually  impossible  with  a conventional 
plaque. 


Now  the  high  loadings,  of  course,  aren't  the  whole 
story.  You've  got  to  be  able  to  get  it  out,  and  that  has  to 
do  with  the  utilization.  And  we're  working  on  that  now 
(Table  ID. 


(Figure  32-9) 

This  is  the  actual  performance,  again  a whole  set 
of  electrodes  at  the  different  rates  around  the  given  cycle 
numbers.  This  is  the  utilization  to  .9  volt.  The  first  one 
is  to  .5  volt;  I wanted  to  record  it  both  ways. 


You  can  see  that  the  Ni.C.E.  electrode  does  very  well 
in  the  category  of  amp-hours  per  kilogram  versus  the 
commercial,  which  was  tested  along  side  the  rest  of  them 
under  the  same  conditions.  We  didn't  put  as  many  cycles  on 
the  commercial  one  though.  Its  capacity  was  slowly 
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decreasing. 


In  the  case  of  the  commercial  one  I couldn^t  get 
the  porosity  from  the  last  table.  This  is  nominal  capacity, 
the  capacity  given  on  the  cell  divided  by  the  number  of 
plates . 

You  can  see  that  the  Ni.C.E.  electrodes  are  very  good 
on  the  amp-hours  per  kilogram  and  still  pretty  good  on  the 
amp-hours  per  cubic  centimeter  versus  the  commercial  in  most 
of  the  cases.  And,  of  course,  the  leadings  were  given  in 
Table  I.  Number  97  has  a very  high  loading. 

Some  conclusions  on  the  Ni.C.E.  electrodes;  they 
exhibit  good  cycle  life  characteristics,  500  to  600  cycles 
at  C rate,  greater  than  1000  cycles  at  C/5  rate  at  95 
percent  DOD,  and  usable  energy  densities  under  these 
conditions  of  120  to  170  arnp-hours  per  kilogram. 

The  swelling  is  minimal  for  carefully  made 
electrodes.  After  about  150  cycles  of  the  well  performing 
ones,  swelling  from  zero  to  about  six  percent  was  observed. 

More  careful  studies  must  be  done  here,  however. 

The  utilizations  are  around  100  percent  for 
lightly  loaded  plates.  What  we  mean  by  lightly  loaded  in 
our  case  is  less  than  1.5  grams  per  cc  void.  About  70  to  90 
percent,  with  the  heavier  loadings*  1,5  to  2.0  grams  per  cc 
void.  An  initial  region  of  150  cycles  of  increasing 
utilization  is  followed  by  slow  decay  after  600  cycles. 


The  initial  increasing  region  might  be  due  to  a 
change  in  morphology  in  the  active  material,  sort  of  a long 
formation  period  or  redistribution  in  the  pores  so  that 
smaller  pores  become  useful  in  the  plaque.  This  is  just 
speculation.  The  slow  decay  may  be  conversion  to  a 
non-active  form  of  active  material,  or  probably  more  likely 
due  to  loss  of  contact  with  the  grid. 

We  observe  no  detectable  electrolyte  contamination 
due  to  the  presence  of  graphite.  We  did  do  a chemical 
analysis  on  this  and  found  after  200  or  300  hard  cycles, 
including  even  reversals,  no  detectable  carbonate.  So  that-'s 
encouraging. 
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Our  final  conclusion  is  that  the  Ni.C.E. 
approach  would  seem  to  present  real  possibilities  for  the 
future  as  a method  of  making  electrodes  durable  and 
lightweight  and  low  cost. 

I might  make  one  comment  about  the  muitiplate 
cell.  We-' 11  be  reporting  on  these  in  the  future.  We  have 
done  very  preliminary  work  on  an  eight  plate  cell. 
Indications  are  that  we-'re  getting  an  improvement  of  about 
38  to  40  percent  over  the  commercial  cell  under  the  same 
conditions.  And  that-'s  just  with  our  composite  plate  in 
place  of  the  nickel  hydroxide  plate  against  commercial 
negative.  So  if  we  assume  the  same  improvement  in  the 
negative  plate,  we  produce  our  negative  plate  this  way,  we 
possibly  could  get  a 75  to  80  percent  improvement.  But,  as  I 
say,  we're  just  beginning  to  work  on  this  now, 

lhank  you. 


DICUSSIQN 

RITTERMAN  (TRW):  A few  comments. 

One*  The  theoretical  utilization  of  nickle 
hydroxide  is  about  289  grams  per  kilogram,  and  usually  in 
the  flooded  state  you  get  more  than  100  percent  because  of 
the  two  electron  change,  or  what  have  you.  So  we're  talking 
about  300  ampere-hours  per  kilogram. 

The  best  number  that  you  had  was  1 think  about 
204.  I guess  that  was  a measured  number. 

Now  back  a few  years  ago  TRW  had  a lightweight 
cell  program  and  we  got  comparable  numbers  using  sintered 
nickle  plaque,  about  83,  84  percent  porous,  and  loaded  to 
about  1.8,  1.9  grams  per  centimeter  cube  void.  So  I don't 
understand  your  comparison  to  the  standard.  I don't  think 
the  standard  is  that  far  off  from  our  lightweight.  The 
standard  would  be  about  50  percent  of  the  weight  of  the 
standard  sintered  plaque  is, active  material  with  a 
utilization  of  better  than  100  percent  in  flooded 
conditions. 

And,  two  — this  is  a completely  different 
comment.  Two  is  that  you  say  you  found  no  C02  in  your 
electrolyte.  But  you  also  stated  that  you  were  bubbling  gas 
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through  the  electrolyte,  I believe,  to  protect  it  against 
C02  formation  from  the  air. 

FERRANDQs  From  the  air,  yes.  '' 

RITTERMAN:  Okay. 

I don't  quite  understand  your  system.  Isn't  it 
possible  the  very  fact  that  you  bubble  gas  through  caused 
any  formation  of  C02  to  also  be  dissipated? 

FERRANDQ*  What  we  did  was  we  Just  allowed  the  gas 
products  to  come  off  through  a bubbler.  It  was  like  a 
one-way  valve,  so  that  the  air  wouldn't  go  back  into  the 
electrolyte.  That's  what  1 meant  by  bubbler.  We're  not 
bubbling  any  gas  through  the  cell. 

RITTERMAN s I see. 

FERRANDG*  It's  Just  on  charge.  It's  Just  to 
prevent  — it's  like  a one-way  valve,  essentially. 

RITTERMAN*  Okay. 

Because  you  will  be  forming  C02.  Obviously  I 
would  think  you  would  be  when  you  go  to  an  overcharge 
situation  and  you're  putting  back  125  percent  of  what  you 
put  out.  So  you  are  gassing  oxygen  off  that  graphite 
electrode. 

RAMPEL  (General  Electric)*  I think  all  your 
characterizations  and  utilizations  were  based  on  C/2  charge? 

FERRANDO*  Some  C rate  charge  and  some  C/2. 

RAMPEL*  Okay. 

FERRANDO*  Most  C/2. 

RAMPEL*  What  would  it  look  like  at  ten  hour  rate 
charging,  C/10? 

FERRANDO*  The  lowest  I've  ever  charged  it  at  is 
C/5.  Usually  I understand  that  these  types  of  cells  don't 
oo  very  well  at  C/IO.  I think  there's  an  optimum  charge 
rate  on  these.  I don't  know  whet  it  is  exactly. 


410 


HAMPEL*  Okay.  Thank  you. 

THIERFELDER  (General  Electric)*  You  listed  120 
ampere-hours  per  kilogram.  I was  wondering  how  you  arrived 
at  that  number.  Did  that  include  hardware  and  you  just 
projected  that»  or  how  did  you  arrive  at  120  ampere-hours 
per  kilogram? 

FERRANDQ*  Okay.  That's  the  bare  plate  with  just 
its  own  tab,  and  based  on  dry  weights,  based  on  initial  dry 
weights,  excluding  any  kind  of  shedding  or  anything.  We  saw 
on  the  well  performing  electrodes  very  little  shedding.  I'll 
say  half  a gram,  maybe  half  a gram. 

KUNIGAHALLI  (Bowie  State  College)*  I have  one 
comment  to  make. 

In  our  experience  of  analyzing  design  variable 
cells  made  by  GE  nearly  after  one  year  of  cycling  about  5800 
cycles  we  haven't  seen  any  swelling  in  the  positive  plate. 

So  1 would  say  it  is  too  early  to  speculate  that  there  is  no 
swelling  just  after  100  cycles. 

FERRANDQ*  I agree. 

KUNIGAHALLI*  The  second  observation  is  that 
carbonate  contamination  also,  it's  too  early  to  say  because 
we  have  only  tried  at  about  100  cycles  — or  800  cycles,  I 
mean.  So  the  temperature  and  rate  of  charge  also  could 
contribute. 


FERRANDQ*  Your  cycles  were  95  percent  DQD  and  at 
the  C rate  or  — 

KUNIGAHALLI*  No. 

FERRANDQ*  — or  at  C/2? 

Yes,  because  it  makes  a difference. 
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Figure  32-1 


Figure  32-2 
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Figure  32-4 
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UTILIZATION,  % 


'Ni.  C.  E."  PHYSICAL  CHARACTERISTICS 
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"Ni.  C.  E."  CYCLING  PERFORMANCE 
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CORROSION  IN  NiCd  CELLS 


C.  Badcock  and  J.  Galligan 
Aerospacje  Corp. 

The  first  thing  I want  to  point  out  is  this  really 
should  be  corrosion  in  the  terminals  of  nickel-cadmium 
cells;  that's  what  I'm  going  to  talk  about. 

Prof.  Jim  Galligan  from  the  University  of 
Connecticut  was  working  at  Aerospace  this  summert  and  1 
asked  him  to  examine  the  terminals  in  the  cells.  My 
understanding  is  when  we  had  problems  in  the  past  with 
terminals  it  was  in  the  '60s  and  this  problem  was  corrected. 
Now  we're  doing  fine  for  missions  up  to  seven  years  or  so. 
But  our  time  scale  for  using  nickel-cadmium  cells  is  going 
out  to  ten  years. 


The  question  is  are  we  going  to  have  a problem 
with  corrosion  associated  with  the  longer  lives  or  longer 
application  times  for  present  day  nickel-cadmium  ceils.  To 
that  end  we  examined  two  cells. 

(Figure  33-1) 

Vie  took  a GE  cell.  This  .cell  was  approximately 
eight  years  old.  It  had  about  500  cycles  on  it.  We 
examined  the  welded  areas  and  the  brazed  areas  on  the 
terminals.  I pictured  here  the  areas  that  I'll  be  talking 
about. 


(Figure  33-2) 

Then,  not  wanting  to  be  prejudiced  in  any 
way,  we  looked  at  an  Eagle-Picher  cell  also.  And  we're 
looking  in  this  area. 

(Indicating) 

In  the  welds,  we  saw  no  problem  at  all.  There  was  no 
corrosion  evident  in  any  way.  So  whet  I'.ll  be  talking  about 
are  'Just  the  brazed  .areas  associated  with  the  terminals. 

(Figure  33-3) 
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What  we  observed. ..when  we  expanded  this  area,  as 
you-' 11  see,  is  corrosion  down  in  the  orevice  or  along  the 
line  of  the  braze.  This  is  on  the  inside  of  the  cell, 
it^s  not  on  the  outside.  And  In  the  GE  ceJl  you  can  see 
that  we-'re  having  corrosion  forming  here  and  here,  the 
little  black  line. 

(Indicating.) 

You-' 11  notice  it  has  a long  way  to  go. 

(Figure  33-4) 

This  is  the  Eagle-Picher  cell.  Ihe  Eagle-Picher 
cell  had  an  unknown  number  of  cycles  on  it,  but  it  was 
approximately  five  years  old.  And  accordingly  it  shows 
somewhat  less,  but  still  the  same  type  of  corrosion,  crevice 
type  corrosion  at  the  interface  between  the  stainless  steel 
material,  the  nickel  material  and  the  braze. 

So  we  conclude  that  there  is  some  corrosion  taking 
place  in  these  areas.  The  next  thing  we  tried  to  do  is 
we  looked  at  a higher,  magnification.  ’ 

(Figure  33-5) 

You'll  notice  here  we  have  some  pits  and  voids, 
indicating  some  pit  corrosion,  again  not  extensive  but  it's 
occurring  in  the  range  of  five  to  seven  years. 

(Figure  33-6) 

What  we  really  concluded  from  this  work  is  that 
with  the  welds,  there's  absolutely  no  problem.  They  were 
clean,  no  interaction  at  all.  There  was  corrosion  of 
crevice  type  in  the  brazed  .areas  and  some  pitting  was 
evident  between  the  braze  and  the  base  material. 

Finally  I guess  the  most  important  thing  is  I 
don't  think  we  see  any  problem  that  this  is  going  to  give  us 
up  to  ten  years  or  more  in  a nickel-cadmium  cell.  The 
corrosion  is  going  too  slow. 

But  I guess  the  other  thine  I would  like  to  point 
out  and  suggest  is  let's  not  forget  about  the  problem. 
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Thank  you 


DISCUSSION 

VYAS  (Bell  Labs)*  Do  you  see  a difference  betw.een 
the  rate  of  corrosion  or  the  amount  of  discoloration  betw.een 
the  positive  and  the  negative  terminals? 

BADCOCK*  We  looked  at  this,  obviously  we  had  some 
other  pictures  too.  No,  we  really  didn-'t  see  much  of 
anything  that  would  suggest  that.  It^s  ‘Just  corroding  at 
that  interface.  The  strongest  correlation  was  that  the 
Eagle-Picher  cell  was  not  as  old  as  the  GE  cell;  nothing 
else . 


STOCKED  (COMSAT)*  Chuck,  was  the,  braze  nickel 

go  Id  ? 

BADCOCK*  You  know,  I thought  so  because  I knew 
the  specs  on  these  cells  and  it  called  out  nickel  braze. 

But  when  we  did  ion  microprobe  on  these  — 1 should  mention 
we  did  ion  microprobe  on  the  interface  too,  mostly  we  wanted 
to  see  if  there  were  any  contaminants.  And  other  than  a 
trace  of  magnesium  which  got  into  bne  of  them  we  saw 
nothing,  except  that  I oidn^t  see  a peak  for  gold  either. 

What  I saw  was  silver  and  palladium,  I'm  not  so  sure  I 
understand  this.  1 expected  to  see  nickel  gold  braze 
because  they  were  built,  you  know,  •'73  and  on  and  I thought  we 
were  using  only  nickel  gold  braze  at  that  time. 

Maybe  Guy  Rampel  could  comment  on  that.  Is  that 
what  we  are  using? 

(Laughter. ) 

I was  sure  surprised  when  1 looked  there  and  I 
didn't  see  a gold  peak  in  the  ion  microprobe,  but  I saw  a 
lot  of  palladium  and  silver. 

RAMPEL  (General  Electric)*  We're  using  nickel 
gold.  We  had  used  other  brazes,  maybe  at  the  time  of  the  cell 
you  were  examining,  I'm  not  sure.  But  we've  been  using 
nickel  gold  now  for  quite  some  time. 

BADCOCK*  Yes. 
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I went  running  down  to  look  at  the  color  of  the 
braze  right  after  this  that  we  had  on  some  brand  new  cells 
that  we  gotf  and  the  color  looks  the  same.  The  braze  is 
gold  colored.  But  I didn-'t  see  a gold  peak,  so  that-'s  why  I 
didn-'t  mention  what  I thought  the  gold  from  the  braze  was. 

RAMPEL*  lAle-'re  getting  charged  for  gold. 

(Laughter. ) 

BADCQCK*  The  corrosion  is  there  but  it's  not  very 

fast . 

DYER  (Bell  Labs)*  Qne  of  your  micrographs  seemed 
to  show  a two-phase  system  in  the  breze.  Is  there  some 
galvanic  attack  involved  here  perhaps? 

BADCOCK*  I really  can^t  answer  your  question.  I 
don't  know.  I would  suggest  that  there  is  a slight  amount 
of  it . 
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Area  Examined;  GE  Cell 
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Figure  33-2 
Delamination  of  Brazed  Joint:  GE 
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Figure  33-3 
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Pitting  Attack  in  Braze:  EP 
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Figure  33-4 

Voids  or  Pits  Between  Casing  Material  and  Braze 


500x 


Figure  33-5 

Conclusions 

• WELDED  JOINTS  SHOW  NO  CORROSION 

• CREVICE  TYPE  CORROSION  WAS  FOUND  AT  BRAZED  JOINT  AREAS 

• SOME  PiniNG  WAS  EVIDENT  BETWEEN  BRAZE  AND  BASE  MATERIAL 

• CORROSION  IS  VERY  SLOW  AND  APPEARS  UNIMPORTANT  BELOW 
20°C  FOR  CURRENT  MISSION  DURATIONS 

Figure  33-6 
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TRIBUTE  TQ  LQU  BELOVE 
I.  Schuiman 
JPL 

This  will  be  really  unrehearsed.  There  are  no 
vugraphs.  And  this  is  certainly  nontechnical. 

I would  like  to  ask  this  forum  to  join  with  me  in 
paying  our  respects  to  one  of  the  giants  of  the  industry, 

Lou  Belove,  who  died  since  the  last  Battery  Conference.  Lou 
holds  a unique,  a very  special  position  in  this  industry, 
and  I felt  that  it  is  only  correct  to  have  this  recorded  in 
the  proceedings. 

Many  of  us,  Harvey  Seiger,  Rltterman,  Frank 
Alliegro,  Guy  Rampel,  who  certainly  have  worked  very  closely 
with  Lou,  know  of  his  contributions.  But  there  are  many, 
many  new  faces,  and  I always  feel  that  they  may  know  him 
only  as  possibly  some  reference  that  they  saw  way,  way  back 
in  the  mid-'50s  when  he  did  publish  many  of  his  papers.  But 
he  was  more  than  that.  And  for  their  benefit  let  me  just 
review  to  a certain  extent  some  of  his  accomplishments. 

Lou  developed  the  sealed  nickel-cadmium  cell.  That 
in  itself  is  a tremendous  accomplishment.  He  did  it  because 
Lou  wouldn't  listen  to  people  who  said  it  couldn't  be  done. 
He  didn't  understand  that  statement,  that  it  can't  be  done. 
Lou  would  try  anything.  And  so  the  first 
cylindrical  sealed  cell  he  rolled  up  on  a pencil. 

He  developed  the  first  cylindrical  cell  that  flew, 
and  I'd  say  probably  the  next  four  or  five  types  of 
cylindrical  cells  that  flew. 

He  worked  on  the  first  commercial  sealed  cell 
which  was  made  on  a Sears-Roebuck  lathe  in  Port  Chester,  New 
'iiork. 

He  also  worked  on  the  first  rectangular  sealed 
cell.  He  was  the  innovator.  He's  the  man  who  started  it 
ell.  He  recognized  the  importance  of  the  seal.  He  was  the 
first  one  to  use  a ceramic-to-metal  seal.  They  leaked  like 
taps,  but  he  started  it;  he  started  the  whole  thing. 
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He  defined  the  first  separator  to  be  used,  which 
worked.  And,  by  the  way,  the  first  separator  was  Wattman-'s 
#40  filter  paper,  lhat-'s  what  it  was. 

I might  add  that  he  made  what  w.e  used  to  call  the 
one  by  one  cell,  which  was  one  inch  diameter,  one  inch  high, 
using  Wattman's  #40  filter  paper,  and  that  ce.ll  was  cycled 
at  the  signal  core  in  a vacuum  desiccator  because  they  were 
afraid  that  it  would  go  the  way  that  many  of  them  did  at 
that  time,  and  so  they  protected  it  with  a vacuum 
desiccator.  The  cell  was  cycled  at  about  a 20  percent  DOD 
end.  it  went  for  five  years  in  a LEO  cycle.  It  went  over 
25,000  cycles,  and. these  people  coulcn-'t  kill  it. 

So  Lou  contributed  so  much.  He  started  the 
industry  which  we^re  talking  about  today.  And  I felt  that 
this  man  who  was  a mentor  to  so  many  of  us,  who  treated  us 
as  his  colleague  all  the  time,  and  certainly  was  a friend  to 
all  people,  should  be  remembered  at  this  time  because  we 
have  lost  a very  fine  human  being.  And  I think  it's  proper 
that  we  should  acknowledge  it  at  this  forum. 

I thank  you. 
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A METHOD  FOR  BATTERY  ACTIVATION 
G.  Halpert  and  M.  Tasevoli 
GSFC 

My  paper  this  morning  will  describe  something  that 
we  assumed  to  be  fact  for  a long  time.  It  is  the  matter  of 
activating  a battery  after  it  has  been  stored  for  long 
periods  of  time. 

Ihe  technique  that  everyone  has  used  has  come  down 
through  the  ages;  I'm  not  exactly- sure  who  to  give  credit  to 
for  that,  but  it  has  worked  up  until  now.  The  method 
involves  removal  of  the  short,  let  it  come  to  room 
temperature,  and  charge  it  at  ,C/20  rate  for  -4B  hours.  It's 
a time-consuming  process,  and  it  involves  some  heating. 

Until  now,  we  really  haven't  had  too  much  of  a problem 
dealing  with  that  particular  technique. 

As  a matter  of  fact,  when  it  came  to  the  Solar  Max 
Mission  program,  the  approach  was  to  use  the  flight 
batteries  in  the  thermal  vacuum  test  for  the  two-week  period 
only,  remove  them,  put  back  on  the  test  batteries,  short  the 
flight  batteries,  send  the  flight  batteries  to  the  Cape  with 
the  spacecraft,  install  them  in  the  spacecraft  at  the  Cape 
and  activate  them  (I'm  calling  this  technique  activation, 
some  people  call  it  conditioning)  in  the  usual  way,  C/20 
rate  for  48  hours. 

This  procedure  does  involve  a bit  of  heat,  and 
with  the  heat  in  the  spacecraft  there's  a problem  of  getting 
rid  of  same.  So  we  had  to  blow  some  cold  air  in.  If  you 
consider  that  we're  running  a 22-cell  battery,  roughly  30 
volts,  and  20-ampere-hour  cells  which  we  were  using  at  1 
amp,  we  have  roughly  90  watts  being  generated  by  the  three 
batteries  running  at  the  same  time.  Getting  rid  of  the  90 
watts  isn't  really  a terribly  difficult  problem. 

In  the  next  mission  for  the  multi-mission  modular 
spacecraft,  the  Landsat-D  mission,  w.e  had  planned  to  do  the 
same  thing;  except  now  we're  dealing  with  50  amp-hour 
batteries,  three  of  them.  In  this  case  we  have  2 1/2  times 
as  much  heat  (225  watts)  to  try  and  dissipate  in  the 
spacecraft  which  cannot  be  done.  So  it  was  incumbent . upon 
us  to  come  up  with  a new  procedure  for.  activating  the 
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batteries  and  getting  them  into  the  proper  condition, 
without  going  through  this  long  time-consuming,  costly,  high 
temperature,  or  high  heating  overcharge, 

A techique  was  conceived  and  Mike  Tasevoii  from 
our  office  took  two  5-cell  packs  and  ran  them  through  their 
paces.  This  different  scheme  works  for  this  particular 
mission  and  for  this  particular  sequence.  And  Hd  like  to 
tell  you  about  it  now. 

(Figure  35-1) 

First,  Kll  show  you  a figure  of  a typical  profile 
of  C/20  charge  for  4.8  hours.  You  see  voltage  goes  up  to  the 
oxygen  gassing  and  continues  for  a while,  and  you  see  the 
pressure  continue  to  increase  until  it  levels  off.  And  the 
turning  point  here,  with  the  pressure  and  the  temperature 
increasing,  is  about  36  hours.  The  remaining  twelve  hours 
between  36  hours  and  .the  4.8-hour  charge  is  really  Just  heat 
generation  and  overcharge;  which,  as  1 say,  was  causing  us 
the  problem. 

(Figure  35-2) 

We  felt  that  we  could  use  our  NASA  standard 
voltage  limits  to  be  able  to  help  in  this  regard.  You've 
seen  these  before,  and  .I'm  Just  putting  them  in  for  the 
record.  These  are  the  typical  temperature-compensated 
voltage  levels  that  are  in  the  MMS  spacecraft  in  the  modular 
power  subsystem  built  by  McDonnell  Douglas.  We  felt  we 
could  use  these  voltage  limits  in  a similar  way  for  this 
activation  procedure. 

(Figure  35-3) 

One  of  the  techniques  we  thought  we  could  try  was 
first  starting  off  at  a low  rate  to  remove  some  of  the 
impedance  problems,  a C/20  rate  for  roughly  eight  hours. 
Again,  this  is  not  a very  scientific  test,  and  we  Just  chose 
some  parameters  and  went  through  the  test  procedure. 

We  then  raised  the  current  level  to  C/10  for  six 
hours.  And  then  we  put  it  on  a constant  voltage  charge  at 
our  voltage  level  6 shown  on  the  previous  slide,  until  the 
current  dropped  off,  to  the  C/20  rate. 
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(Figure  35-4) 


When  you  do  that,  you  can  see  the  difference.  The 
voltage  rises  to  the  voltage  limit,  which  we  of  course 
maintain.  You  don^t  see  the  current  listed  here,  but  the 
current  did  drop  off  until  we  hit  the  C/20  rate.  We  see  the 
signal  electrode  picking  up  to  show  that  we  have  some  oxygen 
in  the  cell  indicating  that  the  pressure  was  picking  up  a 
little  bit.  The  temperature  is  fairly  minimal  at  this 
particular  point. 

(Figure  35-5) 

Now  the  technique  was  to  take  two  packs  and  first 
make  sure  that  they  were  similar.  And  this  data  shows  the 
similerity  between  the  packs*  the  normal  standard 
conditioning  charge,  C/20  for  48  hours,  and  .the  capacity. 
These  are  50  amp-hour  cells.  We  follow  that  with  a one-ohm 
letdown,  and  then  what  we  call  a capacity  — and  what  most 
people  call  capacity  — charge,  C/10  for  24  hours.  Again, 
the  same  type  of  a charge,  where  you  get  a get  a lot  of  heat 
at  the  end.  But  normally  we  measure  only 
capacity.  The  capacity  is  listedr  56  and  60.9  amperes. 

We  did  the  letdown  and  open  circuit  recovery,  and 
then  ran  a voltage  level  charge  to  C/20  taper  current,  which 
would  be  consistent  with  what  we  would  try  and  do  for 
putting  a battery  in  a full  state  of  charge.  And  you  can 
see  that  we  put  in  a lot  less  energy  and  a lot  less 
ampere-hours,  and  we  have  still  the  capacity  maintained.  So 
the  two  packs  were  very  consistent. 

Then  we  went  through  the  procedure  of  trying  the 
different  ways  of  "activation^'.  One  pack  we  "activated"  in 
the  same  way  each  time,  with  C/20  ana  48  hours.  And  with 
the  other  pack  we  tried  various  methods  of  ‘"activation-". 
First  the  C/20  for  eight  hours,  followed  by  C/10  for  twelve, 
then  the  C/20  for  eight  hours,  C/10  for  eight  hours,  then 
C/5  to  voltage  limit.  Then  C/20  for  eight  hours,  C/10  for 
six,  and  then  C/5  to  a voltage  limit  6. 

In  all  three  cases  you  can  see  the  capacity 
delivered,  60.6,  60.2  and  60.2  ampere-hours  using  those 
particular  techniques.  So  we  were  able  to  get  out  the  full 
charge. 


425 


Just  to  make  sure  we  hadn't  done  anything  to  the 
cells,  we  put  it  back  on  the  standard  reconditioning  charge 
again,  (C/20  for  4b  hours)  and  again  we  got  the  60 
ampere-hours.  So  it  seems  we're  at  least  going  to  get  the 
capacity  out. 

Now,  what  does  it  do  in  terms  of  the  voltage  on 
the  discharge? 

(Figure  35-6) 

Here's  the  voltage  on  discharge  for  the  different 
sequences  that  we  tried.  This  one  happens  to  be  one  that  I 
had  not  listed,  but  it's  C/5.  You  can  see  that  the  capacity 
is  down.  These  were  discharged  at  the  C/2  rate,  and 
therefore  two  hours  is  the  normal  capacity. 

The  charge  to  the  voltage  limit  6 gave  us  too  low 
a capacity.  The  other  ones  were  voltage  level  6.  You  can 
see  that  they  all  maintained  a fairly  good  voltage  level. 

But  1 wanted  to  Compare  the  one  that  is  a plus, 
which  is  on  the  lower  level  here,  with  the  one  that's  the 
circle,  the  circle  that's  on  the  upper  level.  And  you  can 
actually  see  a significant  voltage  improvement;  indicating, 
without  a lot  of  proof,  that  the  battery,  or  the  ceils  are 
being  not  only  activated  to  get  their  capacity  up  but  their 
voltages  actually  increased  when  compared  with  the  C/20, 
48-hour  charge. 

(Figure  35-7) 

Another  example.  This  is  a comparison  of  both 
packs,  the  control  pack  and  the  test  pack,  both  done  at  the 
48-hour  C/20  rate.  And  we  get  the  voltage  at  the  bottom. 
When  done  in  the  manner  I suggested*  C/20  for  eight  hours, 
C/IO  for  eight  hours,  and  then  charge  at  C/5  to  the  voltage 
limit  6,  and  then  drop  off.  The  discharge  gives  us  the 
higher  voltage, 

(Figure  35-8) 

Just  to  show  you  a comparison  with  the  actual 
control  pack,  we  did  the  standard  reconditioning  of  the 
control  pack  and  repeated  the  same  activation  technique  with 
that  control  pack  that  had  had  the  same  ordinary  activation 
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procedure.  And,  again,  you  see  the  voltage  level  is  higher 
for  the  new  method. 

So  what  we-^ve  seen  previously  is  a technique  that 
has  been  used  for  many  years,  and  I-'m  not  sure  who  knows  Why 
It  was  started  In  the  first  place.  But  certainly  a method 
has  been  described  that  does  three  things*  it  shortens  the 
time,  especially  at  the  Cape  where  we  need  the  time,  and  it 
is  very  costly  time;  it  eliminates  the  temperature  rise  in 
the  batteries,  which  we^'re  very  concerned  about  in  terms  of 
heating  the  equipment,  and  it  turns  out  that  the  voltage  on 
discharge  is  better  than  when  we  ran  the  C/20  for  48  hours* 

Thank  you  very  much. 

DISCUSSION 

LURIE  fTRW)*  Gerry,  I believe  that  most,  perhaps 
a large  fraction  of  sealed  nickel-cadmium  cells  can  be 
reactivated  after  storage,  at  rates  .considerably  greater 
than 
C/20. 

I think  historically  the  reason  that  C/20  was 
chosen  is  that  virtually  all  of  them  can  be  reactived  safely 
at  C/20.  What  happens,  you  can  take  a bunch  of  cells, 
reactivate  them  at  C/10,  and  occasionally  some  will  show 
anomalous  voltage  and  pressure  characteristics.  I'm  not 
sure  anyone  really  understands  it.  tut  1 believe  that's  the 
genesis  of  the  C/20  for  48  hours?  just  uncertainty. 

HALPERT*  Thank  you. 

QLBERT  (Beil  Aerospace)*  Mil  you  elaborate  on 
the  one  short  curve,  the  C/5,  that  you  observed? 

HALPERT*  The  charge  was  to  the  voltage  limit  5 
and  not  voltage  limit  6.  If  you  go  back  to  our  standard 
voltage  curves,  there's  about  a 20-mi  Hi  volt  difference  in 
the  curves.  We're  running  at  20  degrees. 

When  we  charge  it  to  the  voltage  level  6 
we're  able  to  get  everything  in  artd  haVe  the  right 
capacity  and  the  right  voltage.  When  we  did  it  to  voltage 
level  5 we  didn't  get  the  capacity. 
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THIERFELDER  CGE)i  Gerry,  1 just  want  to  ask  about 
the  resistor  letdown.  You  say  one  ohm,  and  it  says 
one-tenth  ohm. 

My  other  question  is^  Do  you  do  it  for  a fixed 
time  period,  or  do  you  let  down  with  the  .resistors  to  a 
given  cell  voltage  or  battery  voltage? 

HALPERTi  We  do  it  for  a fixed  period:  i think 
i.t-'s  overnight,  sixteen  hours. 

THIERFELDER*  And  is  it  one  ohm  or  one-tenth  ohm? 

HALPERT*  Mike  Tasevoli,  is  it  one  ohm  or 
one- tenth  ohm? 

TASEVOLI  (Goddard):  We  did  it  both.  We  did  a .1 

ohm  letdown. and  a I ohm  letdown.  The  difference  between  the 
two  letdowns  is  insignificant  as  far  as  open  circuit  voltage 
recovery  in  any  additional  tests  that  we  did. 

We  did  let  the  packs  down,  resistive  letdown,  for 
a minimum  of  J6  hours,  after  which  time  the  packs  were 
shorted  for  a period  of  one  week  prior  to  any  additional 
testing. 

HALPERT*  There  was  a week  in  between  each  one  of 
these  tests,  in  the  direct  shorted  condition. 

RAMPEL  (GE)*.  I agree  with  your  reasons  to  avoid 
heat  at  the  Cape,  and  elsewhere  perhaps.  But  I v/ould  urge 
other  people  to  stick  with  C/20  reconditioning,  so  that  some 
older  cells  do  not  develop  voltages  over  1.50  at  room 
temperature  and  hydrogen  evolution.  So  1 would  continue 
that  practice. 

I feel  that  the  charge  cutoff  could  be  less  than 
48  hours,  or  even  40,  But  I recommend  that  you  stick  with 
C/20  in  the  field.  C/5  can  be  dangerous  on  sOme  old  cells* 
you'll  definitely  go  over  1.50  on  some  cells  and  some 
batteries. 

HALPERT*  As  you  know,  Guy,  we  did  have  a voltage 
limit  control  on  this,  so  we  couldn't  go  to  1.50V,  And  that 
voltage  limit  was  very  low. 
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These  cells  did  have  a significant  amount  of 
electrolyte.  We're  on  the  higher  side  on  the  electrolyte, 
as  we've  suggested  in  the  past. 

GASTON  (RCA)i  Were  those  negative  electrodes 
1 ef lonated? 

HALPERT*  Yes,  they  were.  NASA  Goddard  uses  only 
Teflonated  negatives. 

FORD  (Goddard) J I'd  like  to  make  a comment  to 
Rampel's  comment. 

Pm  glad  you  qualified  that  statement  to  “all 
cells,"  because  I'm  under  the  impression  we  don't  have 
hydrogen  generation  in  NiCd  cells  any  more,  based  on  the 
technology. 


The  second  point*  I think  it  may  be  overlooked 
here,  and  I think.  Gerry  alluded  to  it,  but  I think  there  is 
such  a thing  as  activation  energy,  that  nickel  electrode 
that  we  may  be  looking  at,  that  you're  aettina  by  aoing  to 
a higher  rate  and  a higher  voltage  tc  enhance'the  discharge 
voltage  on  the  cell. 

Now,  you  know,  one  of  the  things  we're  concerned 
with,  with  long  life,  is  maintaining  a good  discharge 
voltage.  And  it's  probably  the  subject'we  know  least  about 
in  the  NiCd.  And  this  is  a case  where  I've  seen  where  the 
actual  charge  regime  actually  shows  some  improvement  in  the 
discharge  voltage  prior  to  launch.  Now  the  question  we 
don't  know,  and  I think  it's  worth  looking  into^  is*  will 
this  enhance  the  discharge  voltage  performance  with  the  life 
of  the  battery?  I don't  know  that. 

BETZ  (NRD*  On  occasions  v.hen  we've  taken 
non-flight  batteries  out  of  storage,  I've  started  them 
almost  as  high  as  C/2.  I bring  the, voltage  up  first  to  get 
the  initial  peak  off,  and  run  them  at  C/2  for  100  percent, 
and  then  cut  back.  Just  to  prevent  the  voltage  from  going  up 
in  overcharge.  I haven't  really  caused  a problem,  but 
they  haven't  been  flight  batteries,  either. 

RITTERMAN  (TRW)*  I want  tc  comment  on  Floyd's 
comment  on  Guy's  comment.  Guy  beat  me  to  it,  he  asked  the 
question  I originally  intended  to  ask. 
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But  I still  think  you  should  be  leery  in  today^s 
ceils  as  well,  because  what  happens  when  a cell  stands 
around  for  a long  time,  there  is  a redistribution  of 
electrolyte.  And  at  low  temperature  especially,  if  you 
charge  above  C/20,  you-'re  going  to  have  a possible  dry  spot 
at  the  negative  electrode  and  you  have  hydrogen  gassing  and 
dispersed  voltages. 

L 

BETZ*  If  you  are  monitoring  cell  voltage  would 
you  observe  that? 

HALPERT*  Yes.  You^d  be  up  at  1.5  volts  at  a very 
low  state  of  charge. 

BAER*  So  as  long  as  you're  monitoring  cell 
voltage  you  can  avoid  hydrogen  evolution? 

FORD*  Just  one  response  to  that.  Yes,  I know 
what  you're  talking  about  in  terms  ol  the  initial  peak  and 
voltage  on  charge,  and  the  electrolyte  problem,  yes.  But 
with  a lighter  load  plates,  more  electrolyte,  that  problem 
should  have  gone  away  about  five  years  ago. 
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Control  F>ok  Conditlcaias  Char«  Caaraotorlstlos 
for  C/20  for  8 hours,  C/J.0  for  0 hours  and  0/a 
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Figure  35-3 


BASELINE  TESTS 


RESULTS  OF  ALTERNATE  CONDITIONING 
CHARGE  SCHEMES 


PACK  1 

PACK  2 

(CONTROL) 

(TEST) 

STD  COND  CHRG 

119.3 

119.2 

C/2  COND  DISCHRG 

60.5 

61.7 

0.1  Q LETDOWN 

C/10  RECHARGE 

88.6 

93.6 

C/2  DISCHARGE 

58.3 

60.9 

0.1  Q LETDOWN 
OCV  RECOVERY 

VL6  CHRG  C/20  EOCI 

71.7 

72.1 

C/2  DISCHARGE 

60,3 

60.2 

0.1  Q LETDOWN 

PACK  t PACK  2 


STD  COND  charge 

120 

C/20  8 HRS,  DIO  12  HRS 

80.6 

DISCH 

62.3 

DISCH 

62.3 

VL6  CHRG 

72.0 

VL6  CHRG 

70.1 

DISCH 

60.3 

DISCH 

60.6 

STD  COND  CHARGE 

119 

CaO  8 HRS,  DIO  8 HRS,  C/5  TO  VL6 

72.9 

DISCH 

61.6 

DISCH 

61.9 

VL6  CHRG 

71.6 

VL6  CHRG 

69.1 

DISCH 

59.7 

DISCH 

60.2 

STD  COND  CHARGE 

121.3 

D20  8 HRS,  DIO  6 HRS,  C/6  TO  VL6 

72.2 

DISCH 

62 

DISCH 

61.2 

VL6  CHRG 

70 

VL6  CHRG 

69.1 

DISCH 

68.6 

DISCH 

60.2 

STD  COND  CHRG 

119 

DISCH 

62.8 

VL6  CHRG 

70.8 

DISCH 

60.3 

Figure  35-4 


Figure  35-5 
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AVERAGE  CELL  VOLTAGE 


Figure  35-6 

VACK  CUUtt  T*8T  OOUDlTXOlf 


Figure  35-7 


T«*t  Pack  Toltaga  Llait  Capacity  Ceaparaton 

Figure  35-8 
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CO?«AP ARISONS  OF  DIFFERENl  PLATE  TREATMENT  AND  DESIGNS* 

AN  UPDATE 
D.  Baer 
GSFC 

This  presentation  is  an  update  of  previous 
presentations  I've  given  at  the  workshop,  and  it's  on  the 
continuation  of  testing  of  cells  with  different  plate 
treatments  and  different  plate  designs. 

The  first  vugraph  is  a little  reminder  of  what  the 
variables  are, 

(Figure  36-1) 

The  group  number  one  cells  are  the  control,  and 
the  basic  design  is  positive  treatment  is  PQ,  which  is 
cadmium  in  the  positive  plate,  and  nc  negative  treatment. 

The  plate  loading  level  was  the  lUE.  The  separator  was 
pellon.  And  we  used  the  present  ECT  precharqe  processes 
present  as  of  1978.  I don't  know  if  they  have  made  any 
changes  since  then.  And  the  cell  was  decarbed. 

These  boxes  show  the  variables  for  the  other 
groups,  such  as;  teflon  for  group  twc,  silver  for  group 
three  and  so  on.  If  you're  interested  in  any  more  details 
of  the  design,  it  was  presented  in  the  1978  workshop  by 
myself,  and  also  in  a paper  presentee  by  Floyd  and 
coauthored  by  myself  and  presented  ir  the  fall  197b 
electrochemical  society  meeting  in  Pittsburgh. 

I'll  put  this  over  on  the  ether  vugraph  machine  so 
you  can  refer  to  it,  if  you  so  desire,  during  the  rest  of  my 
presentation . 

The  test  regime  for  these  cells  was  a 90  minute 
cycle  with  40  percent  depth  of  discharge  and  a temperature  of 
20  degrees  C.  The  charge  rate  was  9.6' amps  to  a voltage 
limit,  and  we  tried  to  keep  110  to  .115  percent  return, 
although  that  wasn't  always  possible  all  throuah  the 
testing.  The  discharge  rate  was  9.6  amps. 

(Figure  36-2) 
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The  next  vugraph  you-'ve  all  seen  the  data  last 
year,  although  it  might  be  a little  easier  to  understand 
now  since  it  was  professionally  done  rather  than  my 
hen-scratching.  It-'s  the  20  degrees  C capacity  tests,  at  six 
month  intervals,  to  i volt. 

The  Y axis  is  a percent  of  initial  capacity.  The 
first  capacity  check  was  done  until  the  first  cell  reached  0.75 
volts.  Now  at  that  point  either  cell  number  one  was 
limiting  or  it  was  very  near  depletion,  except  for 
the  1968  plate  old  processes.  And  that^s  probably  the 
reason  why  the  capacity  increases  in  that  pack  and 
the  rest  are  going  down,  at  least  part  of  the  reason. 

The  numbers  listed  are  the  cell  that  was 
discharged  for  that  six  month  capacity  test.  Now  if 
you'll  notice,  at  the  one  year  point  there  are  two  points  in 
most  cases,  cell  number  one  and  cell  number  two.  That's 
where  cell  number  one  was  pulled  for  analysis,  which  Dr. 

Vasandt  will  address  later. 

As  I said,  part  of  this  was  shown  last  year.  The 
trends  seem  to  be  the  same,  except  now  pack  3H  seems  to  be 
the  high  capacity  cells  to  this  1.0  volt  point.  Also,  the 
ED  plate  pack  there  seems  to  have  had  a slight  increase  or  a 
little  recovery.  I might  add  that  they  were  rather  low  in 
capacity  to  start  with.  It  was  one  of  GE's  earlier  attempts 
at  the  electrochemical  process,  although  they  still  are 
doing  quite  well. 

If  you'll  notice,  we're  down  around  30  percent  of 
initial  capacity  for  several  of  these  packs.  So  if  the 
depth  of  discharge  is  based  on  rated,  they'd  be  about 
finished. 


(Figure  36-3) 

The  next  vugraph  is  similar,  except  these  are  the 
capacities  to  0.75  volts.  Here  most  of  the  packs  are  doing 
quite  a bit  better  except  the  1968  plate  with  the  present 
processes  and  the  polypropylene  pack  are  rather  low.  Here 
again  pack  3H,  which  is  the  pack  with  no  PQ  treatment,  is 
the  highest  capacity.  The  control  pack  capacity  is  also 
pretty  good,  and  so  is  the  ED  plate  pack.  And  the  rest  of 
the  group's  capacities  have  degraded  further. 
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(Figure  36-4) 

The  next  vugraph  shows  the  discharge  voltage 
profile  during  the  two  year  capacity  check.  It^s  an  average 
of  .four  cells  to  get  each  curve.  I 'just  selected  four  packs 
to  give  you  an  idea  of  the  profile.  1 .picked  the  high 
capacity  group  and  one  that  was  about  the  lowest  — capacity 
packs,  and  then  a couple  in  the  middle  Just  for  comparison. 

I think  one  of  the  important  things  is  that  the  ce]l  without 
the  PQ  treatment  has  a higher  discharge  plateau,  especially 
when  you  get  down  to  the  second  plateau,  and  that's  the 
primary  reason  for  having  a better  capacity  to  one  volt, 
although  it  does  have  a better  capacity  to  depletion. 

These  others  pretty  well  follow  the  same  trend. 
It-'s  Just  a matter  of  how  much  total  capacity  you  have  in 
the  cells. 


(Figure  36-5) 

This  vugraph  is  to  show  you  a little  bit  about 
what  kind  of  divergence  we^re  getting  at  the  end  of  charge 
and  the  end  of  discharge.  Most  of  them  are  around  M,000 
cycles  except  for  the  ED  plate,  which  is  around  11,000.  That 
pack  got  started  a little  later  than  the  other  ones. 

If  you  look  at  the. first  four  groups  on  charge 
there  is  very  little  difference  in  the  charge  voltage  as  far 
as  divergence.  There-'s  four  ceils  in  the  packs  now. 

Group  five  has  a little  bit  of  divergence. 

Group  six,  which  is  the  poly,  has  quite  a bit  of 
divergence. 

Group  seven  again  has  only  a little  bit. 

Group  eight  has  very  little,;  however  that's  only 
two  cells,  there  are  only  two  cells  left  in  that  pack. 

And  group  nine  has  a lot  of  divergence  and  there's 
only  three  cells  left  in  that  pack. 

At  this  point  most  of  the  packs  are  starting  to 
look  a little  ragged  and  we-'r.e  starting  to  get  some  failures 
which  Hli  address  on  the  next  vugraph. 
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In  the  discharge  we  either  have  quite  a bit  of 
divergence  or  else  the  voltages  are  very  low,  except  for 
group  five  where  the  divergence  isn-'t  too  bad  and  the 
voltages  are  holding  up  good  as  they  are  on  your  group 
seven.  You  have  divergence  there  but  the  voltages  are  still 
up  above  1 . 1 volts. 

The  last  column  is  percent  return  during  the 
particular  cycle  that  I pulled  the  end  points  off.  And  it's 
because  of  some  of  the  voltage  divergence  that  we're  having 
trouble  with  the  percent  return  on  some  of  these  packs. 

(Figure  36-6) 

The  last  vugraph  shows  cells  that  have  been 
removed  or  failed.  In  group  seven,  which  is  a 1963  plate 
with  the  old  process,  the  cell  was  removed  very  early  at 
cycle  248  because  of  high  voltage.  Likewise,  in  group  eight 
two  cells  were  removed  relatively  early  because  of  high 
voltage. 

This  one  in  group  seven,  it  was  so  early  in  the 
cycl ino  life  I Just  replaced  it  with  another  cell.  The  high 
voltage  cell,  I think,  we  probably  should  have  picked  up  in 
the  screening  but  we  didn't. 

Yie  have  to  remember,  though,  that  these  are  the 
old  style,  old  design  plate,  and  very  little  ratio,  only 
about  1 .25  to  1 and  very  little  overcharge  protection.  The 
group  eight  in  particular,  where  we  used  present  precharge 
procedures  and  criteria.  So  I feel  these  cells  are  negative 
limited  on  charge,  and  that's  why  we're  having  so  much 
trouble  with  this  pack  in  particular. 

Now  at  cycle  10,200  another  cell  in  group  8 failed 
with  low  end  of  discharge  voltage.  V<e  didn't  remove  it,  and 
it  eventually  shorted  on  cycle  10,266. 

I might  add  that  before  we  remove  a cell  we  try  to 
increase  the  percent  return  to  see  if  we  can't  get  the  cell 
to  recover.  And  this  one  didn't  and  eventually  shorted. 

Group  nine,  which  is  the  ED  plate,  one  cell  was 
removed  for  low  end  of  discharge  voltage.  It  went  negative. 
I might  add  here,  though,  when  we  removed  this  cell  it 
didn't  really  appear  shorted.  So  we  recharged  it  and  ran  a 
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seven  day  open  circuit  stand  test.  At  that  point,  at  the 
end  of  the  seven  days,  the  voitage  was  1.304  and  we  got 
almost  nine  and  a half  ampere-hours  cut  to  three-quarters  of 
a volt.  So  the  cell  was  not  shorted  or  if  it  had  a 
parasitic  short  someplace  along  the  line  it  obviously 
cleared  itself. 

The  last  cell  that  failed  hut  wasn't  removed  yet 
was  In  group  two,  at  14,517  cycles  the  cell  hit  the  Crane 
failure  criteria  of  .75  volt.  We  didn-'t  remove  it,  we  let 
it  continue  to  cycle,  and  it  appeared  to  recover  somewhat 
and  it's  now  around  .9  volt. 

Since  this  vugraph  was  made  pack  31  also  has  had  a 
cell  that  hit  the  .75  volt  limit,  but  we're  letting  that 
cycle  since  it's  probably  not  hurting  anything.  We've  also 
had  some  trouble  with  that  pack  as  far  as  high  pressures, 
where  pressures  have  gone  as  high  as  100  psia  with  only  1.11 
percent  return. 

So  I guess  to  kind  of  sum  it  up,  the  thing  to  do 
is  pick  what  I consider  as  the  cell  that's  giving  the  best 
performance,  and  it  looks  like  it's  the  group  five,  although 
the  control  pack  isn't  doing  too  bad.  But  the  group  five 
seems  to  be  the  best  pack  of  this  program  at  this  point. 

That's  all.  Thank  you. 
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G.E.  12Ah  CELLS  » COMPARISON  OF  PUTE 


DESIGNS  AND  TREATMENTS 

PLATE 

DESIGN/ 

ECT/ 

CRANE 

POS. 

NEQ. 

LOADING 

PRECHQ. 

DECARB 

GROUP# 

PACK# 

TREATMENT  TREATMENT 

LEVEL 

SEPARATOR  PROCESSES 

PROCESS 

1 

30 

PQ 

NONE 

(UE 

PELLON 

PRESENT 

YES 

2 

9E 

PQ  [ 

TEFLON  1 

lUE 

PELWN 

PRESENT 

YES 

3 

3F 

PQ  E 

SILVER  1 

lUE 

PELLON 

PRESENT 

YES 

4 

30 

PQ 

NONE 

1 LIOHT  1 

PELLON 

PRESENT 

YES 

9 

3H 

1 NONE  1 

NONE 

JUE 

PELLON 

PRESENT 

YES 

6 

31 

PQ 

NONE 

lUE 

GAF  POLY- 

PRESENT 

YES 

PROPYLENE 

7 

3J 

1 NONE  1 

NONE 

1 '»M  1 

PELLON 

1 "W  1 

1 NO 

8 

3K 

1 NONE  1 

NONE 

L1!SJ 

PELLON 

PRESENT 

YES 

9 

31 

1 NONE  1 

NONE 

1 E.O.  1 

PELLON 

PRESENT 

YES 

NOTE;  BOXES  8IQNIPY  VARIATIONS  FROM  GROUP  i1  DESIGN 


Figure  36-1 

Comparison  of  Plate  Designs  and  Treatments 
20  °C  Capacity  Tests  at 
9.6  AMP  Discharge  to  1.0  Volt 
Initial  Discharge  Until  1st  Cell  0.75  Volt 

• 3D  Control 
O 3E  Teflon 
□ 3F  Silver 


MONTHS 

Figure  36-2 
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% OF  INITIAL  CAPACITY 


Comparison  of  Plate  Designs  and  Treatments 
20  *’C  Capacity  Tests  at 
9.6  AMP  Discharge  to  0.75  V/Cell 


MONTHS 
Figure  36-3 


Comparison  of  Plate  Designs  and  Treatments 
2 Year  Capacity  Check  at  9.6  AMP  and  20  °C 


Ah  OUT 

Figure  36-4 
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GROUP# 

CRANE 

PACK# 

VARIABLE 

CYCLE# 

EOC  VOLTAGE 
HIGH  LOW 

EOD  VOLTAGE 
HIGH  LOW 

% 

RECHARGE 

1 

3D 

CONTROL 

14286 

1.475 

1.474 

1.096 

1.066 

109.0 

2 

3E 

TEFLON 

14252 

1,452 

1.440 

1.086 

0.965 

111.5 

3 

3F 

SILVER 

14247 

1.475 

1.471 

1.055 

1.011 

112.2 

4 

3G 

LIGHT 

LOADING 

14322 

1.474 

1.472 

.965 

.954 

110.7 

5 

3H 

NO  PQ 

14152 

1.473 

1.455 

1.153 

1.145 

107.2 

6 

31 

POLY 

14169 

1.471 

1.425 

1,012 

.975 

108.5 

7 

3J 

1968  PUTE 
OLD 

PROCESS 

14172 

1.459 

1.448 

1,166 

1.115 

108.6 

8 

3K 

1968  PLATE 
PRESENT 
PROCESS 

13788 

1.443 

1.440 

1.049 

1.012 

103.4 

9 

3L 

E.D.  PLATE 

11365 

1.489 

1.419 

1.11 

1.088 

102.1 

Figure  36-5 


CELL  FAILURBREMOVAL 

CYCLE#  ' 


CRANE 

FAIUED/ 

GROUP# 

PACK# 

REMOVED 

FAILURE  MODE/REASON  FOR  REMOVAL 

7 

3J 

248 

CELL  REMOVED  — HIGH  EOC  VOLTAGE 
(1.525V)  TYP  (1.434V) 

8 

3K 

2008 

REMOVED  BECAUSE  OF  HIGH  EOC  VOLTAGE 

2459 

^ 1.52V 

10200 

FAILED  LOW  EOD  VOLTAGE  ^ 0.75V;  CELL 
SHORTED  CYCLE  10268 

9 

3L 

902? 

REMOVED  FOR  LOW  EOD  VOLTAGE  (-0.17) 

2 

3E 

14,517 

CELL  HIT  0.75V  EOD,  NOT  REMOVED 

Figure  36-6 
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COMPARISONS  OF  DIFFERENT  PLATE  TREATMENTS  AND  DESIGNS* 

ANALYSIS 
V.  Kunigahalli 
Bowie  State  College 

For  the  sake  of  completeness  I would  like  to  give 
some  background  information  about  the  cells  that  we  have 
analyzed.  All  the  cells  have  completed  acceptance  testing 
by  the  manufacturer,  GE,  and  some  cells  underwent  cycling  at 
the  NWSC  Crane,  Indiana. 

The  results  of  the  acceptance  tests  have  been 
discussed  by  Ford  and  David  Baer  in  a paper  which  appeared 
in  the  ECS  meeting  in  Pittsburgh  in  1978. 

52  cells  were  sent  to  NWSC  for  evaluation  of  the 
various  design  variables  incorporated  in  these  GE  cells  on  a 
near-earth  orbit  test  regime.  The  test  procedure  and  the 
results  of  the  evaluation  have  been  given  by  Jim  Harkness  in 
the  report  WQEC/C  79-.!  14  in  December  1979.  It  was 
recommended  that  these  cells  be  placed  on  a near-earth  orbit 
life  test  regime. 

(Figure  37-1) 

In  February  1979  eight  five-cell  packs,  pack  3D 
through  pack  3K,  corresponding  to  group  one  to  eight,  as  you 
can  see  on  that  vugraph,  began  life  test  in  1.48  hour  orbit 
regime,  one  hour  charge  with  a voltage  limit  control  at  20 
degrees  C,  and  a depth  of  discharge  of  40  percent. 

Group  nine  ceils,  pack  3L,  began  life  test  in 
August  19.79  with  the  same  test  regime. 

Test  parameters*  temperature  20  degrees  C,  cycle 
period  90  minutes,  DOD  40  percent,  discharge  rate  9.6  amps, 
charge  rate  9.6  amps  to  voltage  limit.  Ihe  voltage  limit 
was  set  at  1 .453  per  cell  to  maintain  a percent  recharge  of 
no  to  .115. 

After  one  year  of  cycling  one  cell  from  each  pack 
was  removed  and  the  initial  evaluation  tests  were  repeated. 
An  update  of  the  results  of  the  evaluation  test  and  the 
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performance  of  these  cells  .was  presented  by  David  Baer  in 
the  1980  Battery  Workshop,  and  you  have  Just  now  heard  the 
latest  update  about  these  cells. 

It  was  shown  that  among  these  cells,  the  cells 
without  the  PQ  treatment  performed  the  best  — just  now  you 
heard  that  — losing  about  5.6  percent  of  the  capacity  in 
one  year.  The  cells  with  the  greatest  decrease  in  percent 
capacity  in  one  year  were  those  containing  polypropylene 
separators.  These  ceils  had. the  highest  internal 
resistance,  about  4.2  milliohms  after  one  hour  of  discharge. 
The  other  cells  ranged  from  3 to  3.7  milliohms. 


(Figure  37-2) 

The  objective  of  this  test  program  and  analysis  is 
to  understand  the  influence  of  the  design  and  process 
changes  on  cell  performance  and  life,  and  thereby  help  to 
evaluate  the  merit  or  the  demerit  of  each  design  by 
performing  physical,  chemical  and  electrochemical  analysis 
of  these  cells. 

(Figure  37-3) 

The  experimental  techniques  that  have  been 
followed  are  visual  inspection,  physical  measurements, 
chemical  analysis,  and,  finally,  electrochemical  analysis. 

A teardown  analysis  of  each  cell  was  carried  out 
according  to  the  analysis  procedure  given  in  the  X document, 
X“7.1 1 -.74-279,  Revision  A.  Visual  inspection?  there  were  no 
leaks  as  found  by  the  phenolphthalein  test,  and  the  external 
appearance  of  all  the  cells  was  found  good. 

On  opening  the  cell  it  was  found  that  the  cell 
pack  was  moist  with  the  electrolyte,  the  extent  varying  from 
one  cell  to  another. 

The  cell  components,  the  positives,  the  negatives 
and  the  separators,  could  be  separated  easily  from  a’ cell 
pack  of  an  uncycled  cell.  The  separators  from  the  uncycled 
cell  were  clean  and  white?  in  the  case  of  cycled  cells  the 
separators  were  stuck  to  the  surface  of  the  negative  plates. 

During  the  removal  of  these  separators  from  the 


444 


negative  plates  invariably  a thin  layer  of  the  separator 
material  was  strongly  adhering  to  the  surface  of  the 
negative  plates  and  could  not  be  removed  as  easily  as  in  the 
case  of  the  uncycled  cells. 

The  separators  had  dark  patches  due  to  cadmium 

migration. 


Physical  measurements: 

(Figure  37-4) 

The  thickness  and  the  weight  of  each  negative 
plate  and  positive  plate  was  recorded  after  carrying  out  the 
electrolyte  extraction  and  further  drying  it  in  an  oven  at 
45  degrees  C.  overnight.  These  are  the  results  recorded  in 
Table  One. 

These  thickness  results  agree  very  well  with  the 
thickness  results  given  in  Table  I on  the  other  vugraph. 
which  are  the  results  of  the  acceptance  test.  This  first 
column  is  the  positive  plate  thickness  and  the  second  column 
contains  negative  plate  thickness.  The  first  value  is  for 
the  uncycled  cell  and  the  second  one  for  the  cycled  cell  of 
group  One,  two  and  three  and  so  on. 

So  you  can  see  the  positive  plate  thickness  is 
almost  the  same  compared  to  the  positive  thickness  given 
there,  .069  and  .072  cm.  Very  little  swelling  is  there, 
about  which  I am  going  to  discuss. 

There  is  a very  small  increase,  of  about  1 .5  mil, 
in  the  thickness  of  the  positive  plate  and  the  gain  in 
weight  of  the  positive  plate  is  in  the  range  of  . 1 5 to  .349 
for  a cycled  cell.  The  weights  are  given  in  these  two 
columns.  You  can  see  from  the  uncycled  cell  to  the  cycled 
cell  there  is  a slight  Increase  in  weight  in  the  case  of  the 
positive  plate. 

McDermott  observed  a gain  in  weight  of  about  .352 
grams  per  positive  plate  in  the  accelerated  test  program  of 
six  ampere-hour  cells.  And  he  has  explained  this  weight 
increase  in  terms  of  corrosion  model,  meaning  that  the 
nickel  from  the  sinter  is  turned  into  nickel  hydroxide,  thus 
accounting  for  the  increase  in  weight. 
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There  seems  to  be  negligible  change  in  the 
thickness  of  the  negative  plate,  if  you'll  compare  these 
numbers  with  the  acceptance  test  results  for  the  negative 
plate.  In  some  cases  you  will  find  the  thickness  is 
slightly  more  than  the  results  given  in  the  other  vugraph. 
lhat-'s  because  after  one  year  of  cycling  when  we  removed  the 
cells  there  was  invariably  a thin  layer  of  the  separator 
material  sticking  to  the  negative  plrte.  So  the  slight 
increase  in  thickness  is  due  to  the  separator  materiel. 

In  some  cases  of  cycled  cells  slightly  higher 
values  of  thickness  is  recorded,  maybe  because  the  negative 
plates  had  a thin  layer  of  the  separator  material  sticking 
onto  the  surface.  There  is,  however,  a definite  decrease  in 
the  weight  of  the  negative  plate.  The  last  column  Indicates 
the  negative  plate  weight  from  the  uncycled  cell  to  the 
cycled  cell  in  each  group.  The  range  is  about  .5  to  one 
gram  per  plate,  and  this  weight  varies  from  one  group  to 
another  for  the  cycled  cell. 

(Figure  37-5) 

Summarizing,  we  can  say  with  regard  to  physical 
changes  only,  due  to  cycling  that  the  positive  plate  weight 
increased  and  the  range  is  from  ,15  to  .34  grams,  and  the 
plate  thickness  increased  from  I to  1.6  mils. 

For  the  negative  plate,  there's  a decrease  in  the 
plate  weight  in  the  range  of  .5  to  one  gram,  and  there  is  no 
change  in  the  plate  thickness. 

(Figure  37-6) 

Electrolyte  analysis.  The  electrolyte  analysis 
and  the  chemical  analysis  of  the  negative  plate  and  the 
positive  plates  were  carried  out  according  to  the  paragraphs 
five,  seven  and  eight  of  the  earlier  mentioned  X document. 
The  results  of  the  electrolyte  analysis  for  the  cycled  and 
uncycled  ceils  of  these  different  groups  are  given  here  in 
Table  2. 


First  column  is  the  weight  of  the  electrolyte 
associated  with  the  negative  plate,  second  column  the  weight 
of  the  electrolyte  associated  with  the  positive  plate,  third 
column  the  same  with  reference  to  the  separator,  and  fourth 
column  gives  the  total  grams  of  electrolyte  in  the  cell. 
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The  first  line  refers  to  the  uncycled  cell  and  the  second 
line  values  refer  to  the  cycled  cell  which  has  undergone 
5833  cycles. 

The  next  column  indicates  the  percentage  of  KQH, 
the  percentage  of  potassium  carbonate,  and  the  last  two 
columns  indicate  the  milliliter  of  KCH  found  after  one  year 
cycling  and  the  milliliter  of  KOH  which  was  added  at  the 
time  of  manufacture.  You  can  see  that  these  numbers  appear 
even  on  the  other  vugraph  indicatihg  the  milliliter  of  KOH 
that  went  in. 

Well,  within  permissible  error  of  handling  and 
analysis  the  amount  of  electrolyte  determined  agreed  with 
that  amount  which  went  into  the  cell  at  the  time  of 
manufacture.  This  supports  the  observation  made  that  there 
were  no  leaks  in  any  of  these  design  variable  cells. 

In  most  of  the  cases  the  carbonate  content 
Increased  for  the  cycled  cells.  However  there  are  some 
exceptions,  group  one  and  group  four.  You'll  find  the 
carbonate  even  in  the  uncycied  cell  is  slightly  higher 
compared  to  the  cycled  cell.  It's  difficult  to  generalize 
based  on  these  exceptions. 

Cells  from  group  seven  and  group  eight  contain 
large  quantities  of  potassium  carbonate.  You  can  see 
compared  to  the  other  numbers  these  numbers  are  higher.  The 
reason  is  the  cells  of  group  seven  used  the  design  of  the 
middle  '60s  wherein  the  plates  were  not  decarbonated,  lhat 
could  be  the  reason  why  they  have  higher  carbonate  content. 
However,  the  cells  of  Group  eight  contain  the  same  plate  lot 
as  group  seven  but  were  processed  using  the  present  day 
Aerospace  cell  process  which  includes  decarbonization. 

In  addition,  both  of  these  groups  of  cells,  seven 
and  eight,  have  positive  plates  which  were  thicker  compared 
to  the  rest  of  the  groups. 

From  the  weight  of  the  electrolyte,  we  can  see 
that  the  amount  of  potassium  hydroxice  varies  from  one  group 
to  another.  This  was  done  to  maximize  the  amount  of  KOH  in 
each  cell  group  and  still  maintain  a reasonable  overcharge 
pressure.  The  design  goal  was  to  have  all  the  cells  in  a 
pressure  range  of  30  to  75  psia  during  overcharge. 
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Talking  of  electrolyte  distributiont  1 remember 
year  before  last  in  the  Battery  Workshop  there  was  a doubt 
expressed  regarding  how  the  electrolyte  is  distributed*  is 
it  more  toward  the  negative  or  the  positive  or  the 
separator?  Last  year  we  did  analyze  a couple  of  six 
ampere-hour  cells  and  eight  ampere-hcur  cells,  and  I 
pesented  a paper  on  the  electrolyte  distribution  wherein  the 
order  of  distribution  was  that  the  negative  contains  most  of 
the  electrolyte,  and  next  comes  the  positive,  and  the  least 
amount  of  electrolyte  is  associated  with  the  separator. 

(Figure  37-7) 

Some  of  the  conclusions  we  can  draw  from  the 
earlier  table  of  electrolyte  analysis  are*  carbonate  content 
increases  due  to  cycling,  which  we  a)l  know,  and  cells  of 
groups  seven  and  eight  contain  the  largest  content  of 
carbonate.  And  the  possible  reasons  could  be  group  seven 
cells  were  not  decarbonated  and  group  eight  cells  — I mean 
cells  of  group  eight  have  thicker  positives.  I do  not  know 
whether, with  this  limited  data  we  can  say  that  thicker  the 
plates  larger  the  carbonate.  With  this  limited  data  it's 
very  difficult  to  generalize. 

Finally,  the  electrolyte  distribution  follows  the 
general  order.  That  is,  negative  has  the  largest  quantity 
and  the  separator  has  the  least  quantity  of  electrolyte 
associated  with  them, 

(Figure  37-8) 

The  chemical  and  electrochemical  capacities  for 
negatives  and  positives  for  each  group  of  cells  along  with 
the  percent  utilization  is  given  in  this  table.  Following 
are  some  of  the  observations  that  can  be  made. 

Number  one,  the  electrochemical  capacity  for  both 
the  negatives  and  the  positives  is  generally  lower  than  the 
corresponding  chemical  capacity.  Ihet  you  can  see  here.  The 
base  line  capacity  is  what  we  refer  to  as  the 
electrochemical  capacity,  and  this  is  the  chemical  capacity. 
In  each  case  the  chemical  capacity  is  larger  than  the 
electrochemical  capacity,  both  in  the  positive  and  in  the 
negative,  irrespective  of  the  design  group.  This  is  not 
unusual  since  some  part  of  the  active  material  in  the 
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negative  and  the  positive  plate  might  have  become  inactive, 
possibly  due  to  cycling,  and  hence  do  not  contribute  to  the 
electrochemical  capacity. 

The  second  point  that  we  can  see  is  within  the 
design  variable  group  going  from  the  uncycled  cell  to  the 
cycled  cell  both  the  chemical  and  the  electrochemical 
capacity  of  the  negative  plate  decreases.  You  can  see  that 
the  chemical  capacity  decreases  from  34  to  30  for  group  I. 
And  here  the  electrochemical  capacity  of  the  negative  also 
decreases  from  25  to  18.  And  the  trend  is  similar  in  all 
the  cases  generally. 

This  should  be  due  to  the  loss  of  active  material, 
as  I said,  from  the  negative  plates  due  to  cycling,  which  is 
often  deposited  as  loose  particles  on  the  separator 
material,  which  is  commonly  referred  to  as  cadmium 
migration.  In  fact  we  did  verify  these  in  these  cycled 
cells;  when  we  opened  the  cells  there  were  a lot  of  dark 
patches  on  the  separator  material  which  we  observed. 

Similar  behavior,  in  fact,  has  been  observed  by 
McDermott.  He  pointed  out  that  the  loss  in  weight  of 
negative  plate  and  loss  in  the  total  negative  Capacity  has 
been  recorded  in  the  analysis  of  six  ampere-hour 
nickel-cadmium  cells  that  underwent  an  accelerated  test 
program. 

(Figures  37-9  and  37-10) 

One  other  point  that  I wanted  to  bring  about,  this 
. table  contains  the  results  of  the  percentage  of  cadmium 
hydroxide  in  the  positive  plate.  Irt  each  group  we  analyzed, 
for  example,  the  first  one,  the  control  group,  has  about 
10.74  in  the  uncycled  cell  and  it  Increases  tb  12.17  in  the 
cycled  cell. 

Similarly  if  you  come  the  no  PQ  treatment  group, 
group  five,  although  according  to  the  statement  no  PO 
treatment  should  not  contain  any  cadmium  in  the  positive 
plate,  it  still  has  6.46%  in  the  uncycled  and  it  increases 
to  7.3%. 

Similarly  you  see  the  AK  plate  old  process  and  the 
AK  plate  new  process,  group  seven  and  group  eight,  also  do 
not  have  PQ  treatment  but  still  contain  a small  quantity  of 
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cadmium,  2.75  in  this  case  and  4.71  respectively,  which 
increases  on  cycling.  So  this  indicates  clearly  that  on 
cycling  cadmium  is  going  out  of  the  negative  plate  due  to 
cadmium  migration.  And  when  we  opened  the  ceil  some  of  the 
cadmium  was  deposited  along  the  positive. 

(Figure  37-11) 

Well,  this  is  a summary  of  the  last-but-one  table 
about  the  capacity.  Negative  chemical  capacity  decreases 
and. the  range  is  from  2.01  to  5.51,  end  the  minimum  decrease 
— this  is  with  reference  to  group  five  cells,  which, 
incidentally,  as  Dave  Baer  pointed  out,  are  the  cells  which 
have  no  PQ  treatment.  And  the  maximum  change  is  for  group 
two  cells  in  this  case.  Those  are  with  the^tef lonated 
negatives. 


Positive  chemical  capacity  increases  slightly,  .84 
to  2.2  ampere-hours.  Negatives  from  the  cells  without  PQ 
treatment  have  the  highest  utilization,  about  73  percent. 

Thank  you. 


DISCUSSION 

RITTERMAN  .(TRW)*  What's  interesting  about  your 
data  is  not  that  the  CQ3  content  decreases.  In  some  cases 
it.  would  seem  strange,  but  in  the  non-except ional  cases  the 
C03  content  increases  to  such  a small  extent.  And  I wonder 
if  you -would  comment  on  how  you  did  the  DPA. 

Did  you  take  the  individual  positive,  negative  and 
separator  and  leach  out  the  electrolyte? 

KUNIGAHALLI*  Exactly. 

RITTERMAN*  How  many  samples  of  each  did  you  take 

per  cell? 

KUNIGAHALLI*  When  we  opened  the  cells  we 
collected  all  the  positives  together,  all  the  negatives 
together  and  the  separator,  so  these  three  packs  were 
extracted  separately  in  different  Soxhlet  extractors. 

RITTERMAN*  Okay. 
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Could  you  comment  on  what  the  relative  carbonate 
formation  was  in  the  separatort  the  positive  and  the 
negative,  or  don't  you  have  that  figure? 

KUNIGAHALLIi  I have  got  it  in  analysis  summary. 


RITTERMANJ  Dh,  you  have. 

KUNIGAHALLI*  But  I don't  have  it  right  now  here. 
HITTERMAN*  Okay.  Fine. 


THIERFELDER  (General  Electric)*  You  gave  the 
expension  of  the  positive  plates,  1 to  1.5  mils.  And  over 
the  last  several  years  there's  been  a lot  of  discussion 
about  the  expansion  of  the  positive  plates. 

Have  you  compared  this?  Is  this  compared  to  other 
reports  on  expansion?  I to  1.5,  is  that  normal? 

KJNIGAHALLI*  It^'s  very  smell,  compared  to  — ‘ In 
fact,  that's  what  I referred  to  as  McDermott's  work.  In  six 
ampere-hour  cells  it  has  been  shown  to  have  more  weight 
increase  end  swelling. 

THIERFELDER*  All  of  these  at  about  5000  cycles? 


KUNICAHALLI*  Yes,  roughly  about  6600  cycles. 


IHIERFELDER*  So  this  is  a comparatively  low 

expansion. 

KUNIGAHALLI*  Very  low,  1 agree  with  you. 

HELLFRlTZSCH*  I have  a Question  about  how  many 
cells  there  were  in  each  group.  The  Only  thing  I heard  is 
that  in  groups  seven  and  eight  there  were  two  cells  in  one 
and  three  cells  in  the  other. 


that . 
croups? 


KUNIGAHALLI*  I think  Dave  Baer  should  answer 
HELLFRlTZSCH*  How  many  were  there  in  the  other 

BAER*  There  were  six  cells  purchased  from  each 
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group  and  we  set  one  aside  and  we  just  ran  It  through  some 
initial  evaluation  tests  of  Crane,  he  started  the  cycling 
with  five  cells  in  each  group. 

At  the  one  year  point  we  removed  one  cell  for 
analysis,  so  that  left  four.  And  then  several  were  removed, 
if  you  remember  from  my  last  slide,  where  cells  were  removed 
from  group  eight;  two  were  removed  at  2000-some-odd  cycles, 
and  then  one.  I think  it  was  around  )0.000.  where  it 
shorted.  And  group  nine  had  one  cell  removed  around  9000 
cycles  because  of  what  we  thought  was  a short. 

HELLFRITZSCH*  The  reason  1 ask.  on  the  second 
paper  I noticed  there  were  serial  numbers  of  the  cells,  cell 
number  one  and  cell  number  four.  So  I assumed  that  the  data 
from  that  line  was  based  on  that  one  ceJl, 

Now  when  you  compare  then  the  weight  of  one  cell 
to  that  of  a different  cell  before  and  after,  because  these 
are  destructive  tests  — and  that-'s  of  course  what  you  have 
to  do  — you  really  need  to  know  how  uniform  were  the 
weights  of  all  cells  initially. 

Do  you  see  what  Km  getting  at? 

BAER*  We  have  that  information.  I mean.  I 
don't  have  it  right  here. 

HELLFRITZSCH*  If  these  differences  in  gain  or 
loss  are  large  compared  to  how  uniform  the  cells  initially 
were  it's  significant.  If  it's  of  the  same  order  of 
magnitude,  of  course,  it  doesn't  mean  anything. 

I looked  through  some  of  them.  In  a case  like 
this  often  you  look  down  the  line  for  the  different  groups 
and  you  just  do  a plus  or  a minus.  If  they're  all 
consistently  higher  or  consistently  lower  , then  it  can  mean 
something.  But  they  jump  back  and  forth.  Of  course  they 
were  different  designs,  so  it  coula  be  the  design.  But  I 
just  wanted  to  caution  because  the  sample  size  was 
as  small  as  it  could  be.  a single  specimen  each  time.  And 
of  course  there's  a lot  of  work  in  this.  I know  that.  But 
we  have  to  be  cautious  in  interpreting  whether  these  are 
real  differences  or  not. 

BAER*  Right.  Well,  I think  that's  one  of  the 
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problems  with  why  you  see  them  jump  back  and  forth  in  some 
cases  such  as  the  carbonate.  And  these  were  control 
manufactured,  the  best  that-'s  being  done  today. 

HELLFRITZSCH*  Especially  if  we  report  the  data 
for  significant  figures. 

HALPERT  (Goddard)*.  In  reference  to  Helm-'s 
question,  Dav.e,  weren-'t  these  using  the  lUE  type  loading  on 
the  first  groups  of  cells,  and  so  the  loading  was  lighter 
than  what  we'^ve  seen  In  the  past? 

BAER*  Yes,  it-^s  probably  e little  lighter  than 
what  they  were  generally  making  at  that  point.  GE  hds  since 
lightened  up  on  their  loading  a little  bit,  but  I don't 
think  it-'s  quite  as  light  as  what  the  lUE  is.  The  loading 
number  was  given  in  grams  per  decimeter  cube. 

KUNIGAHALLI*  In  the  last  vugraph  We  have  the 
loading.  Here  is  the  loading. 

( Indicating. ) 

BAER*  Helm,  it  would  be  probably  about  12.5  grams 
per  decimeter  squared  — That's  a number  you're  used  to 
hearing  — for  the  positives. 

RAMPEL  (General  Electric)*  I'd  like  to  clarify 
the  cadmium  content  in  the  positive  electrodes  for  so  called 
uncycled  cells.  I take  it  that  they're  uncycled  at  Crane 
but  you  have  to  keep  in  mind  they  were  cycled  at  GE,  and 
that's  enough  to  introduce  the  cadmium  into  those  positive 
plates  that  have  had  no  PQ  treatment  per  se. 

BAER*  That's  right,  Guy.  And  they  also  went 
through  initial  evaluation  tests  at  Crane,  which  are 
essentially  acceptance  tests.  But  they  did  have  some  cycles 
on  them,  that's  right. 
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CELL  DESJGM  VARIArfLES-  GE  12  AH  CELL 


• 

VARIABLE 

GROUP# 

TYPICAL 

Pi.)SIi|Vi; 

IHICKNi;.'*. 

c.n 

TYPICAL 

NPCATIVi: 

TIIICKUtSS 

cm 

POSITIVE 
LOADING 
yin/dn>^ 
OF  SINTER 

NEGATIVE 
LOADING 
flm/dm® 
OF  SINTER 

FIN.AL  KOH 
QUANTII Y 
cc 

N/vy'" 

’IlFCUAnOE 

Ah 

CONTROL* 

1 

c.nso 

0.073 

2035 

2180 

40/40 

4.G 

Tr.l-LON  TRkATMENT 

2 

0.0C8 

0.07‘1 

2<V>li 

2180 

48/19 

4,0 

,<t(Lvrn  trcatment 

3 

o.nen 

0.070 

2005 

2180 

43/44 

4.6 

IIOIIT  LOADING 

4 

0.039 

O.OV9 

1840 

1833 

45/4G 

4,6 

MO  P.O.  TREATMENT 

;> 

0.II33 

0,073 

2113 

2160 

40.3/41.5 

4.6 

rOLYPROPYLENE  SEPARATOR 

u 

U.CE9 

0.073 

2035 

2180 

39/4(1 

4.6 

A.K.  P(  AT  E-  10CC  Dl  SIGN,  NO  PCI 
OLD  tCT  PROCESS,  NO  OECAflU  PROCESS 

7 

0.001 

(UNSIZED) 

0.0G5 

2130 

2S42 

.■58/39 

0 

A.K.  PLATE-19C8  DESIGN,  NO  PO 
PRESENT  AEROSPACE  CELL  PROCESSES 

3 

0.081 

(UNSIZED) 

0.006 

2130 

2542 

39/40 

1.8 

•COVTHOL  CELL  REPnESEfirS  PaESENT  AEl’OSPACt  DESIGN  AND  PROCESSES  WITH  NO  FXTRA  TREATMENTS:  NoraoVEN 
NVLOM  SEPARATOR,  P.O.  TREATED  POSITIVES,  DECAR30NATION  PROCESS,  lUE  LOADING  LEVELS,  31%  KOH. 

••TV/0  CELLS  IN  EACH  GROUP  CONTAINED  SIGNAL  ELECTRODES. 

•••BASED  ON  228  ec  0*/Ah, 


Figure  37-1 


OBJECTIVE 


TO  EXAMINE  THE  INFLUENCE  OF 
DESIGN  VARIABLES 
ON 

CELL  PERFORMANCE  AND  LIFE 
BY 

PHYSICAL,  CHEMICAL  AND  ELECTROCHEMICAL 

EXPERIMENTAL  TECHNIQUES: 


1.  VISUAL  INSPECTION 

2.  PHYSICAL  MEASUREMENTS 

3.  CHEMICAL  ANALYSIS 

4.  ELECTROCHEMICAL  ANALYSIS 

Figure  37-3 


ANALYSIS 
Figure  37-2 
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Table  1. 

PHYSICAL  CHARACTERISTICS  OF  DESIGN 
VARIABLE  CELLS 


GROUP 

S.N. 

PACK 

NO.  OF 

PLATE  THICKNESS  (cm) 

PLATE  WEIGHT  WITH  TAB  (Gms), 

a 

OF  CELL 

It 

CYCLES 

POSITIVE 

NEGATIVE 

POSITIVE 

NEGATIVE 

1 

04 

UNCYCL 

0.072 

0.079 

13.69 

15.46 

1 

01 

3D 

5833 

0.074 

0.080 

13.97 

14.83 

2 

04 

UNCYCL 

0.072 

0.080 

13.85 

15.87 

2 

01 

3E 

5841 

0.074 

0.079 

14.00 

14.87 

3 

01 

3F 

5844 

0.074 

0.083 

14.03 

14.82 

4 

01 

UNCYCL 

0.068 

0.079 

13.02 

14.71 

4 

02 

3G 

5844 

0.072 

0.079 

13.31 

13.83 

5 

01 

UNCYCL 

0.074 

0.079 

13.32 

15.43 

5 

02 

3H 

5840 

0.077 

0.080 

13.65 

14.92 

6 

02 

UNCYCL 

0.072 

0.079 

13.65 

15.59 

6 

01 

31 

5833 

0.074 

0.083 

13.88 

15.38 

7 

05 

UNCYCL 

0.091 

0.074 

15.34 

14.13 

7 

06 

3J 

5834 

0.094 

0.073 

15.68 

13.68 

8 

02 

UNCYCL 

0.090 

0.071 

15.35 

14.02 

8 

06 

3K 

2008 

0.093 

0.072 

15.56 

13.66 

8 

05 

3K 

2459 

0.094 

0.073 

15.57 

13.62 

Figure  37-4 


PHYSICAL  CHANGES  DUE  TO  CYCLING 

PLATE  WEIGHT  PLATE  THICKNESS 


POS  INCREASE 
0.15  - 0.34  g 


INCREASE 
1.0  - 1.5  MILS 


NEG  DECREASE 
0.5-  1.0  g 


NO  CHANGE 


Figure  37-5 
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Table  2. 


RESULTS  OF  ELECTROLYTE  ANALYSIS  OF 
DESIGN  VARIABLE  CELLS 


GROUP 

NO.  OF 

GMS  OF  ELECTROLYTE 

% 

% 

ML  KOH 

it 

CYCLES 

NEG 

POS 

SEP 

TOTAL 

KOH 

K2CO3 

FOUND 

ADDED 

1 



22.55 

15.69 

13.56 

51.80 

21.64 

9.21 

39.15 

40/40 

5833 

29.32 

16.14 

9.09 

54.55 

23.94 

6.76 

41 .42 

2 

_ 

20.91 

15.99 

24.63 

61.53 

26.82 

6.49 

46.75 

48/49 

5841 

26.68 

16.16 

22.42 

65.26 

25.26 

6.91 

49.54 

3 

5844 

31.03 

15.86 

9.95 

56.84 

25.69 

6.87 

43.15 

43/44 

4 



24.14 

16.49 

18.17 

58.80 

25.25 

6.45 

44.58 

45/46 

5844 

31.51 

16.36 

14.70 

62.57 

19.65 

4.71 

47.70 

5 



23.38 

17.77 

9.84 

50.99 

25.40 

8.97 

40.86 

40.3/41.5 

5840 

28.15 

18;i2 

4.64 

50.91 

23.53 

10.45 

38.39 

6 



21.8 

15.41 

8.16 

45.37 

29.41 

7.36 

34.41 

39/40 

5833 

29.84 

16.73 

3.42 

49.99 

26.20 

9.63 

37.75 

7 



22.78 

20.11 

7.63 

50.52 

22.01 

13.35 

37.87 

38/39 

5834 

25.54 

21.47 

3.70 

50.71 

20.47 

16.08 

37.82 

8 



21.42 

20.10 

9.25 

50.77 

22.50 

14.94 

37.95 

29/40 

2008 

27.92 

15.47 

6.46 

49.85 

23.43 

15.47 

37.22 

2459 

22.69 

20.58 

7.40 

50.67 

22.15 

16.08 

37.79 

Figure  37-6 

CONCLUSIONS  FROM  ELECTROLYTE 

ANALYSIS 


• CO  5 INCREASES  DUE  TO  CYCLING 

• CELLS  OF  GROUPS  7 AND  8 CONTAIN  THE  LARGEST 
CONTENT  OF  CO  5 

- GROUP  7 CELLS  NOT  DECARBONATED 

- GROUP  8 CELLS  HAVE  THICKER  POSITIVES 

• THICKER  THE  PLATES  LARGER  THE  CO  f 

• ELECTROLYTE  DISTRIBUTION  FOLLOWS  THE  GENERAL 
ORDER  NEG  > POS  > SEP 

Figure  37-7 
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Table  3. 


COMPARISON  OF  CAPACITIES  FOR  DESIGN 
VARIABLE  CELLS 


S.N.  OF 

NO.  OF 

CHEM.  CAPACITY 

BASELINE  CAPACITY 

NAME 

GROUP  # 

CELL 

PACK  # 

CYCLES 

(AH  ON  CELL  BASIS) 

% UTILIZATION 

POS 

NEG 

POS 

NEG 

POS 

NEG 

CONTROL 

1 

04 

UNCYCL 

22.64 

34.02 

15.54 

25.60 

68.87 

75.25 

1 

01 

3D 

5833 

21.22 

30.30 

14.63 

18.52 

58.92 

61.30 

TEFLON 

2 

04 

UNCYCL 

21.74 

36.28 

16.39 

25.56 

75.39 

70.45 

2 

01 

3E 

5841 

22.90 

30.77 

15.99 

18.67 

69.82 

60.69 

SILVER 

3 

01 

3F 

5844 

20.86 

32.80 

15.55 

20.14 

77.63 

61.05 

LIGHT  LOADING 

4 

01 

UNCYCL 

20.02 

30.48 

14.43 

23.83 

72.07 

78.17 

4 

02 

3G 

5844 

21.44 

26.17 

13.98 

14.47 

65.21 

55.30 

NO  PQ 

5 

01 

UNCYCL 

22.69 

34.65 

16.91 

28.11 

74.55 

81.11 

5 

02 

3H 

5840 

22.44 

32.11 

17.02 

23.54 

75.85 

73.31 

POLYPROPYLENE 

6 

02 

UNCYCL 

22.36 

36.62 

15.89 

28.14 

71.06 

76.83 

SEPARATOR 

6 

01 

31 

5833 

23.20 

31.35 

16.66 

19.07 

71.81 

60.83 

A.K.  PLATE 

7 

05 

UNCYCL 

25.23 

32.54 

19.61 

24.99 

77.70 

76.81 

OLD  PROCESS 

7 

06 

3J 

5834 

26.85 

28.83 

18.85 

23.0 

70.20 

79.78 

A.K.  PLATE 

8 

02 

UNCYCL 

25.63 

32.93 

16.52 

24.86 

64.46 

75.52 

NEW  PROCESS 

8 

06 

3K 

2008 

26.97 

31.69 

19.02 

23.47 

70.50 

74.06 

8 

05 

3K 

2459 

27.90 

30.92 

18.78 

22.96 

67.30 

74.26 

Figure  37-8 


Table  4. 


NAME 

GROUP 

S.N.  OF 
CELL 

PACK 

ti 

NO.  OF 
CYCLES 

% Cd  (OH), 
IN  POS 

AH  CHARGED 
Cd  IN  NEG 

CONTROL 

1 

04 

tt 

UNCYCL 

10.74 

0.59 

1 

01 

3D 

5833 

12.17 

0.75 

TEFLON 

2 

04 

UNCYCL 

9.49 

1.17 

2 

01 

3F 

5841 

11.48 

1.20 

SILVER 

3 

01 

3F 

5844 

12.38 

1.84 

LIGHT  LOADING 

4 

01 

UNCYCL 

11,52 

0,71 

4 

02 

3G 

5844 

13.27 

0.35 

NO  PQ  TREATMENT 

5 

01 

UNCYCL 

6.46 

0.71 

5 

02 

3H 

5840 

7.31 

1.16 

POLYPROPYLENE 

6 

02 

UNCYCL 

8.39 

1.12 

SEPARATOR 

6 

01 

31 

5833 

9.63 

0.03 

AK  PLATE 

7 

05 

UNCYCL 

2.75 

0.87 

OLD  PROCESS 

7 

06 

3J 

5834 

4.92 

0.65 

NO  DECARB 
AK  PLATE 

8 

02 

UNCYCL 

4.71 

0.91 

NEW  PROCESS 

8 

06 

3K 

2008 

5.36 

0.89 

8 

05 

3K 

2459 

4.55 

0.78 

Figure  37-9 
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RESULTS  OF  ALTERNATE  CONDITIONING 

CHARGE  SCHEMES 


PACK  1 

PACK  2 

STD  COND  CHARGE 

120 

C/20  8 HRS,  C/10  12  HRS 

80.6 

DISCH 

62.3 

DISCH 

62.3 

VL6  CHRG 

72.0 

VL6  CHRG 

70.1 

DISCH 

60.3 

DISCH 

60.6 

STD  COND  CHARGE 

119 

C/20  8 HRS,  C/10  8 HRS,  C/5  tO  VL6 

72.9 

DISCH 

61.6 

DISCH 

61.9 

VL6  CHRG 

71.6 

VL6  CHRG 

69.1 

DISCH 

59.7 

DISCH 

60.2 

STD  COND  CHARGE 

121.3 

C/20  8 HRS,  C/10  6 HRS,  C/6  TO  VL6 

72.2 

DISCH 

62 

DISCH 

61.2 

VL6  CHRG 

70 

VL6  CHRG 

69.1 

DISCH 

58.6 

DISCH 

60.2 

STD  COND  CHRG 

119 

DISCH 

62.8 

VL6  CHRG 

70.8 

DISCH 

60.3 

Figure  37-10 

EFFECTS  OF  CYCLING  ON  CAPACITY 


• NEGATIVE  CHEM.  CAPACITY  DECREASES  2.01  TO  5.51  AH 

- MINIMUM  CHANGE  FOR  GROUP  5 CELLS 

- MAXIMUM  CHANGE  FOR  GROUP  2 CELLS 

• POSITIVE  CHEM.  CAPACITY  INCREASES  0.84  TO  2.2  AH 

• NEGATIVES  WITHOUT  PQ-TREATMENT  > 73% 

HAVE  HIGH  UTILIZATION 

Figure  37-11 
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CHARGEABILITY  OF  NICKEL  ELECTRODES  STUDIED 
BY  OPTICAL  MICROSCOPY 
C.  Dyer 
Bell  Labs 

Just  a change  of  system  here  to  nickel  hydrogen. 
This  is  an  attempt  to  explain  some  of  the  operational 
characteristics  of  some  nickel-hydrogen  cells  that  we 
received  at  Bell  Labs  and  put  on  cycling,  and  saw  some 
strange  capacity  excursions  with  cycling.  A summary  of  that 
is  shown  on  this  Vugraph. 

(Figure  38-1) 

You  will  see  there  is  a dropoff  in  capacity  over 
the  first  few  cycles.  Actually  to  this  point  there's  a 
rapid  decrease  and  then  a further  drcp  while  the  cells  were 
shipped  to  us  in  a shorted  state.  And  I represent  that  by 
no  change  in  the  cycle  number.  For  both  of  the  two  cells 
shown  here,  the  numbers  just  refer  to  the  serial  numbers  of 
the  cell. 


I haven't  got  much  time  so  I just  want  to  draw 
your  attention  to  the  main  characteristics  of  this  recovery. 

You'll  see  that  basically  on  continued  cycling 
there  is  a slow  but  gradual  increase  in  capacity  back  up  to 
theoretical  values  which  are  shown  by  the  broken  lines  up 
there,  calculated  on  the  basis  of  weight  gain  of  the 
positive  electrode  on  electrochemical  impregnation.  The 
positivie  plates  were  electrochemically  impregnated  by  the 
Bell  aqueous  system.  I think  that's  the  important  point 
here,  that  these  were  electrochemically  impregnated  plates. 

(Figure  38-2) 

V 

Now  the  companion  Vugraph  to  this  is  this  one 
which  shows  the  state  of  charge,  and  some  pressures.  Let's 
look  at  the  pressures  first  here. 

This  is  with  cycling  as  shown  on  the  previous 
Vugraph.  You  observe  an  increase  in  the  end-of -charge 
pressure  with  cycling  up  to  400  cycles.  It  increases  from 
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about  a hundred  and  something  up  to  490. 

The  other  characteristic  which  is  very  useful  in 
the  case  of  the  nickel-hydrogen  cell  is  that  you  can  also 
follow  the  end  of  discharge  pressure.  And  you  know  really 
what  the  state  of  charge  of  the  negative  electrode  is  of 
course  since  you-'re  always  monitoring  it  by  the  pressure. 
You-' 11  see  that  the  end-of-discharge  pressure  also  .rises  but 
at  a slower  rate  so  we  have  both  rising  end-of -charge  and 
end-of-discharge  pressure. 

Incidentally  you-'ll  notice  that  this  represents 
that  capacity  loss.  It-'s  about  65  percent  of  what  you  would 
expect.  This  represents  the  starting  point  at  the  bottom  of 
the  trough  in  this  capacity  cycle  in  curves  shown 
previously. 


So  these  are  the  facts  of  what  is  going  on  here. 

You  heard  this  morning  that  nickel-cadmium  cells 
also  seem  to  lose  capacity  on  standing  open  and  shorted. 

Brij  Vyas  from  our  lab  gave  you  a discussion  of  this,  so  it 
doesn-'t  seem  to  be  isolated  to  the  nickel-hydrogen  case. 

Now  if  you  take  a positive  electrode  and  fill  it 
with  epoxy  resin  and  then  section  it  across  the  electrode  we 
then  have  a microsection,  which  is  what  I did,  essentially, 
which  I then  oxidized  In  this  way. 

(Figure  38-3) 

Essentially  this  is  a very  simplified  model  of  the 
experimental  concept. 

This  represents  the  nickel  substrate,  of  course. 
This  represents  the  .nickel  sinter  connected.  And  on  the 
outside  of  the  nickel  is  electrodeposi ted  the  active 
material  in  a profile  something  like  this.  (Indicating.)  I 
haven^t  drawn  it  in,  but  there  will  be  a space  over  here 
where  the  electrolyte  comes  in. 

So  there-'s  a path  through  here  in  the  normal 
electrode  now  which  then  goes  through  the  active  material  to 
the  nickel. 


Now  this  is  a different  geometry.  We  filled  up 
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all  the  porosity  in  the  electrode  and  we^re  sirtiply  looking 
at  the  electrochemistry  in  an  orthogonal  sense.  In  other 
words  if  you  put  a drop  of  KOH  on  top  of  this  combination  of 
nickel  and  nickel  hydroxide  and  then  oxidize  it*  you  see 
some  strange  and  wonderful  things  happening  when  you  look 
under  a microscope,  and  let  me  go  quickly  to  that. 

(Figure  38-4) 

You  can^t  see  too  much  here  except  really  the 
bright  spots  which  are  the  polisheo  sections  of  nickel  (F-4a). 
Somewhere  in  here  in  this  gray  area  is  the  active  material 
which  you  can-'t  see  very  well.  Also,  there  is  epoxy  in  here 
which  is  between  the  active  material  deposits,  and  actually 
there  also  is  epoxy  here. 

Now  when  you  oxidize  it  with  a drop  of  KOH  on  the 
surface  you  get  a rather  nice  contrast  effect  (4b)  and  you  can 
see  the  demarcation  now  very  clearly  between  the  epoxy 
resins  in  the  same  field,  except  that  this  is  oxidized, 
anodized,  and  this  is  not.  You  can  now  see  very  clearly  the 
boundary  between  the  epoxy  resin  here  and  the  active 
material  here,  and  the  nickel  particles  of  sinter  here.  So 
you  have  three  rather  nicely  resolved  components  of  the 
electrode. 


Now  let-'s  have  a look  to  see  how  this  process  of 
oxidation  progresses. 

I should  just  say  that  this  is  quite  a normal 
physical  phenomenon.  That  is,  as  you  increase  the 
conductivity  of  the  active  material  which  occurs  when  you 
form  the  oxy-hydroxide , not  only  do  you  get  absorption  of 
the  transmitted  light  but  you  get  an  increase  in 
reflectivity.  And  the  calculations  tell  us  that  this 
increase  in  reflectance  of  the  active  material  is  entirely 
in  agreement  with  the  optical  parameters  due  to  two  parts  of 
the  optical  refractive  index,  the  real  and  the  imaginary 
part  which  both  increase  as  you  oxidize. 

(Figure  38-5) 

This  shows  the  progress  now  of  oxidation  of  a 
section.  Keep  your  eyes  on  the  central  grain  here,  which  is 
this  one  here,  and  you-'ll  see  that  there-'s  a particle  of 
nickel  right  there,  and  you'll  see  a brightening  here  (P-5a) . 
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Now  in  this  region  here,  the  first  oxidation  step 
has  brightened  quite  a large  area  of  this  active  material. 
It  has  not  managed  to  completely  oxidize  the  whole  of  that 
grain  there,  and  you'll  notice  that  it's  quite  a thick 
grain.  There's  quite  a large  distance  between  the  nickel 
and  the  edge  of  that  material  there  which,  incidentally,  is 
separated  from  this  one,  insulated  from  that  one  by  epoxy 
resin,  so  you  wouldn't  expect  the  oxidation  to  proceed  from 
that  part  of  your  nickel. 


This  shows  the  progress  as  you  put  on  more  charge. 
You  see  that  the  grain  gradually  fills  up  and  becomes 
totally  oxidized  (F-5b,  5c) . At  the  bottom  left  there  you 
can  see  it  when  it's  fully  charged. 

You  then  discharge  it,  and  you  look  at  this  under 
a microscope.  The  magnification  is  about  bOO  times.  A 
reduction  step  reduces  the  contrast  ouite  significantly  from 
the  lower  left,  but  you  never  quite  get  rid  of  it.(F-5d) 

In  fact  the  picture  on  the  top  right  there  is 
after  two  pulses  of  reduction,  quite  heavy  reduction,  even 
to  gas  evolution. 

If  you  leave  the  thing  standing  overnight  you  lose 
the  contrast  completely. 

Here  we  are.  We're  back  tc  that  first  picture  I 
showed  where  you  really  can't  determine  the  difference 
between  the  epoxy  and  the  active  material.  I'm  going  to 
refer  to  this  particular  picture  later  on  as  an  attempt  to 
explain  some  of  the  strange  phenomene  we've  been  seeing. 

(Slide  not  available) 

Here's  a chemical  electrode.  It's  a little  hard 
to  see  exactly  what's  going  on  here,  but  let  me  explain  it. 
This  is  not  an  electrochemical,  this  is  a chemically 
impregnated  electrode,  with  very  thick  films  now.  It's 
fully  loaded.  I don't  know  how  much  voidage.  I couldn't 
see  any  voidage  at  all  in  this  material  before  I filled  it 
with  epoxy. 
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And  indeed,  this  area  here  is  all  active  material. 

Now  a series  of  pulses  reduces  the  size  of  this 
nickel-hydroxide  as  the  reaction  front  towards 
nickel-oxy-hydroxide  progresses  away  from  the  electron 
sinks  here  which  are  the  nickel  particles,  but  you  are  still 
left  with  a region  which  does  not  want  to  charge  up. 

Now  this  was  heavily  overcharged,  I should  point 
out,  several  pulses,  and  a few  minutes  later,  after  this 
third  oxidation,  some  rather  horrifying  things  took  place. 

You  can  see  this  change  in  contrast.  It  becomes 
cracked.  And  if  you  look  at  it  under  the  scanning  electron 
microscope^  whet  has  happened  is  that  the  heavily 
overcharged  region  has  started  to  spell.  It  has  cracked  and 
pieces  have  come  off,  and  that-'s  the  origin  of  this  rather 
strange  reflectance  here.  It^s  just  a broken  up  surface. 

So  there's  a caution*  don't  overcharge  these 
surfaces  too  much,  particularly  the  chemical  plates,  because 
they  seem  to  disintegrate. 

(Figure  38-6) 

I'm  just  going  to  show  this  very  simple  reaction 
here.  Whet  seems  to  be  going  on  here  is  that  the  positive 
electrode  which  is  largely  comprised  initially  of 
nickel-hydroxide  is  initially  a poor  conductor,  and  as  you 
form  the  better  conducting  nickel-oxy-hydroxide  you  get  an 
improvement  in  the  chargeabllity. 

Now  the  reaction  progresses  interestingly  from  the 
metal  particle  away  from  it. 

(Figure  38-3) 

I just  want  to  make  this  point.  This  Vugraph  here 
shows  the  direction  of  the  reaction.  The  reaction 
progresses.  The  region  of  light  contrast,  that  is,  the  high' 
conducting  nickel-oxy-hydroxide,  the  reaction  moves  away 
from  the  nickel. 

Now  this  says  something  important  about  the 
reaction  kinetics  that  it's  not  controlled  by  the  proton  but 
by  the  electron  mobility.  Because  of  course  the  proton  path 
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length  is  the  same  all  the  way  across  here,  and  it^s  a nice 
visual  display  of  the  importance  of  the  conductivity  of  the 
nickel-hydroxide t 

Now  what  are  the  implications  of  this  for 
operational  characteristics?  Weil,  let's  go  back  and  see  if 
we  can  now  explain  some  of  the  things  we've  been  seeing.  I 
think  this  is  the  most  useful  one  to  look  at. 

(Figure  38-2) 

Looking  at  this  and  just  for  a minute  pretending 
we  don't  know  anything  about  that  model.  At  400  cycles,  the 
measurements  indicate  that  we  have  a cyclable  capacity  shown 
here  by  the  cross-hatched  area  of  approximately  22.7 
ampere-hours.  Now  that's  pretty  close  to  theoretical,  and 
you  might  rest  your  case  there  and  say  Okay,  the  cell  is 
working  near  theoretical,  why  should  we  bother  to  think  any 
more  about  it,  it's  fine. 

But  we  have  a residual  pressure  here.  Now  the 
only  way  you  can  have  a residual  pressure  at  the  end  of 
charge  is  if  charged  active  material  remains  undischarged. 
This  incidentally  is  discharged  to  one  volt  at  the  C/2 
rate.  The  only  reason  you  can  have  an  end-of-discharge 
pressure  is  if  you  have  some  active  material  that  is  already 
charged  and  the  corresponding  amount  of  hydrogen  remains  and 
will  remain  until  you  can  discharge  that  portion  of  the 
active  material  which  has  been  charged. 

In  other  words,  this  pressure  really  corresponds 
to  uncyclable  capacity  already  built  into  the  active 
material  v;hich  subsequently  is  unable  to  be  discharged. 

Now  have  we  got  any  evidence  that  indeed  there 
were  regions  in  this  electrode  which  are  still  charged  to 
account  for  these  measurements?  Are  there  regions  fully 
charged  but  still  remaining  in  the  electrode? 

(Figure  38-7) 

This  electrode  here  has  been  cycled  about  3,000 
times  and  this  has  not  been  oxidized  in  the  method  I showed 
before.  This  is  simply  a sectioned  electrode,  and  this  is 
as  received,  sectioned,  after  filling  with  epoxy.  It  has 
not  been  charged. 
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If  you  look  up  here  you-'ll  see  ghost  regions  up  in 
this  region  here  which  do  not  appear  on  an  uncharged  or 
uncycled  electrode.  Normally  they  are  all  totally  gray,  but 
you  can  see  patches  of  light  contrast  regions,  in  other 
words,  regions  of  high  conductivity,  because  that's  what 
the  difference  in  contrast  means  in  optical  terms,  regions 
of  higher  contrast  separated  from  the  nickel  electron  sinks 
by  a region  of  low  contrast,  which  again  in  optical  terms 
means  low  conductivity.  In  other  words  it's  electrical 
isolation  that  we-'re  looking  at  here.  This  electrode  has 
been  totally  discharged  after  3,000  cycles  and  shorted,  and 
yet  there  is  still  residual  capacity  in  there. 

That^s  the  lest  of  the  Vugraphs. 

Let's  go  back  to  the  some  of  the  models  here. 

(Figure  38-2) 

So  yes  indeed,  we  do  have  residual  capacity  which 
you  can  see  by  this  optical  microscopy  technique  to  explain 
that.  All  right,  what's  the  next  thing? 

How  do  we  explain  the  rising  capacity,  both  rising 
capacities  and  the  rising  EOD  and  the  EDO  pressures? 

What  It  says  is  that  each  time  you  cycle  the 
electrode  you  charge  a little  more  of  the  available 
capacity,  but  when  you  discharge  it  you  don't  get  all  of 
that  additional  delta  of  capacity  back.  You  leave  a little 
bit  of  it  behind,  so  you're  topping  up  the  reservoir  of 
uncyclabie  material  but  you're  also  adding  to  the  reservoir 
of  cyclable  material. 

That  would  seem  to  explain  some  of  that. 

Now  can  we  explain  some  of  the  other  observations 
we've  made,  that  is,  of  the  declining  capacity  on  open 
circuit  or,  indeed,  after  shorting,  v\hat  caused  this  drop 
here? 


(Figure  38-1) 

I've  seen  this  not  only  with  these  particular 
cells  but  with  another  set  of  cells  made  by  a different 
contractor,  again  with  electrochemical  positives  in  them,  so 
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it's  not  unique  to  these  two  cells.  It  seems  to  be  a 
general  phenomenon. 

And  Just  discussing  nickel  hydrogen  now,  it's 
possible  that  this  is  also  a conductivity  effect.  Don't 
forget  these  cells  have  been  shorted,  and  you  can  imagine  on 
shorting  that  indeed  the  conductivity  will  be  continuously 
Drained  as  the  nickel-oxy-hydroxide  is  completely  reduced. 

Now  the  question  remains,  v.hy  do  we  see  this  with 
chemical  plates  and  not  with  electrochemical  plates?  And- 
the  only  reason  1 can  think  of  why  there  should  be  a 
difference  is  that  in  the  electrochemical  plates,  you  have  a 
very  high  surf ace-to-volume  ratio.  There's  s lot  of 
electrolyte  inside.  You  have  much  thinner  films  generally 
because  of  the  lighter  loading  levels. 

Obviously  this  will  help  with  the  discharge 
process  but  it  will  also  help  even  on  open  circuit.  The 
self-discharge  of  the  nickel-oxy-hydroxide  will  generally  be 
faster  than  on  more  fully  loaded  electrodes,  and  this  may 
explain  why  one  does  not  see  the  same  effect  on  the  chemical 
plates . 


I have  never  seen  the  same  kinds  of  problems  on 
those  plates;  that  is,  I have  never  seen  regions  of  hungup 
charge  after  long  periods  on  open  circuit.  They  don't  seem 
to  show  that.  They  seem  to  be  self-discharging  in  that  way. 

That  self-discharge  reaction,  according  to 
comments  earlier,  is  quite  a fast  reaction.  Apparently  it 
can  take  place  in  nickel-cadmium  cells  very  rapidly,  so  that 
you  can  lose  a hundred  percent  of  the  charge  in  six  months, 
but  it's  very  much  more  rapid  to  begin  with. 

but. these  are  qualitative  ideas.  More  experiments 
will  need  to  be  done.  It  does  seem  to  form  a general 
picture. 


There  are  some. other  things  I should  add. 

The  effects  of  shorting  may  be  exacerbated  by 
electro-wetting  effects.  Recently  seme  people  at  Bell  Labs, 
Beni  and  Hackwood,  were  trying  to  develop  a new  type  of 
opto-display  device,  and  the  method  by  which  that  works  is 
by  an  electro-wetting  type  mechnism.  It's  like  an  electric 
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capiJlary  but  you  have  metallic  capillariest  and  by  applying 
a potential  you  can  change  the  surface  energy  so  much  that 
you  actually  get  a movement  of  electrolyte  down  the  capillary. 

Now  it  turns  out  that  if  ycu  take  a positive 
electrode  and  polarize  it  to  near  the  shorting  potential, 
that  is,  the  negative  potential,  there  is  a net  loss  of 
electrolyte  out  of  that  electrode.  Ke^ve  done  these 
measurements  and  we  can  show  that.  £o  this  may  also 
contribute  to  the  capacity  loss  which  is  worse  in  the 
shorted  case  than  in  the  unshorted  cese. 

I'm  sure  there  will  be  a lot  of  questions  about 
why  one  gets  the  low  voltage  plateaus.  Below  one  volt 
there  are  several  plateaus,  and  these  again  tend  to  be 
highly  polarizable  plateaus,  as  shown  by  Bernard,  and  this 
is  generally  known  that  they  are  rate-dependent.  Ihey're 
not  thermodynamic  potentials.  They  are  sensitive  to  the 
rate  at  which  you  discharge  them.  They  are  not  really 
thermodynamic  arrests.  And  so  again  that  would  support  the 
model  of  isolation  and  conductivity  within  the  active 
material. 


HOGERS  (Hughes  Aircraft)*  On  this  undischargeable 
capacity,  we've  done  experiments,  not  on  these  particular 
cells  but  on  other  cells  where  we've  shown  that  if  you  leave 
a cell  shorted,  say,  after  it  builds  up  this  pressure,  say 
for  a month  or  two,  you  can  pick  up  all  that  capacity  and 
measure  it  as  current  on  a shorted  cell,  or  measure  the 
current  through  the  short.  You  will  pick  up  a capacity 
roughly  corresponding  to  the  pressure  drop. 

DYER*  That's  more  or  less  what  I'm  saying  except 
that  you  can  recover  it  at  very  low  rates.  If  you  try  to 
take  that  capacity  out  at  a very  high  rate  you  are  not  going 
to  get  it  out  because  it's  polarized. 

ROGERS*  lhat's  true.  After  you  test  the  cell 
after  all  that,  the  capacity  at  normal  rates  hasn't  really 
changed  but  the  pressure  is  down. 
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POSITIVE  ELECTRODE  PROCESSING  FOR  HUGHES  N1H2  CELLS 

C.  Bleser 
Hughes  Aircraft 

Positive  electrodes  manufactured  at  Eagle-Picher , 
Colorado  Springs,  have  been  used  by  Hughes  in  conjunction 
with  the  Air  Force  for  flight  program  cells  and  advanced 
development  program  cells.  They've  also  been  used  by  NASA 
Lewis  in  technology  programs,  and  by  Hughes  for  an  internal 
development  program. 

(Figure  39-1) 

The  basic  .procedures  were  developed,  for  the  Air 
Force  under  a contract  for  the  manufacture  of  nickel-cadmium 
batteries.  An  electrochemical  impregnation  in  an  aqueous 
ethanol  solution  is  used  in  this  process. 

Several  additional  controls  were  instituted  by 
Hughes  for  production  of  flight  electrodes,  including  a 
Hughes  controlled  MCD,  a solution  reserved  exclusively  for 
the  impregnation  of  Hughes  positive  electrodes;  a system  of 
complete  traceability  for  individual  electrodes;  an 
electrical  characterization  test  to  provide  information  on 
weight  and  capacity  at  the  plaque  level,  and  a stress  test 
to  provide  data  on  capacity,  weight  end  physical  parameters 
at  the  electrode  level.  There's  also  a 100  percent  inspection 
for  dimensional  conformance  and  physical  appearance. 

(Figure  39-2) 

The  flow  chart  shows  the  mejor  steps  in  the 
manufacturing  process.  There  are  twenty-four  steps 
indicated  there,  and  Hughes  approval  is  required  in  eleven 
of  those  twenty-four  .steps. 

(Figure  39-3) 

The  raw  plaque  is  made  using  the  dry  sinter 
process.  We  use  Inco  powder  Type  2Q1  of  a selected  density; 
thickness,  .029  plus  or  minus  .002.  The  porosity  is  82  to 
87  percent  excluding  the  grid,  and  76  to  82  percent  with  the 
grid  included.  The  bend  strength  is  .550  plus  or  minus  50 
psi,  and  the  plaque  are  given  a 100  percent  inspection  for 
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visible  flaws. 

(Figure  39-4) 

The  impregnation  solution  is  I .6  to  1.8  molar 
nickel  nitrate,  .12  to  .18  molar  cobelt  nitrate,  45  plus  or 
minus  2 percent  alcohol.  The  pH  is  controlled  between  2.8 
and  3.2.  Temperature,  70  to  80  degrees  C.  The  current  used 
is  .35  amps  per  square  inch.  And  the  loading  level  desired 
is  1 .45  to  1 .75  grams  per  cubic  centimeter  void  volume. 
Including  the  cobalt  hydroxide. 

The  solution  is  analyzed  just  prior  to  each 
impregnation  run.  The  cobalt  and  nickel  are  determined  by 
atomic  absorption  analysis  and  also  by  EDTA  titration.  The 
alcohol  percentage  is  determined  by  distillation.  pH, 
temperature  and  current  are  controlled  at  the  impregnation 
area. 


(Figure  39-5) 

This  is  a typical  graph  of  the  voltage  change  with 
time  during  an  impregnation  run. 

(Figure  39-6) 

Formation  is  done  In  20  percent  potassium 
hydroxide.  It  is  a 3-1/2  cycle  process,  beginning  and 
ending  with  discharge.  There-'s  an  error,  in  that  the 
average  is  per  square  inch,  not  square  centimeter. 

Each  cycla  is  40  minutes  long.  Ihe  first  2 cycles 
at  .45  amps  per  square  inch.  At  Cycle  3 the  current  is 
reduced  to  .1  amps  per  square  inch,  and  at  the  last  the  current 
is  again  reduced  to  .07  amps  per  square  inch.  The  formation 
is  oone  at  room  temperature*  I forgot  to  mention  that. 

(Figure  39-7) 

This  graph  shows  the  voltages  that  we  see  during 
the  formation  procedure. 

(Figure  39-8) 

This  is  a photograph  of  the  positive  impregnation 
area.  The  impregnation  tanks  are  on  the  left,  and  the 
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formation  tanks  are  on  the  right. 

(Figure  39-9) 

This  shows  the  formation  tanks,  which  are  now  on 
the  left,  the  two  rinse  tanks,  which  are  in  the  center,  and 
the  control  panels,  which  are  In  the  foreground  of  the 
picture.  The  two  control  panels  on  the  left  control  the 
impregnation  process,  and  the  panel  on  the  right  controls 
the  formation  process. 

pH  is  monitored  there  in  the  batch  tank  which 
houses  the  solution,  and  also  in  each  of  the  impregnation 
tanks.  Temperature  is  also  monitored  at  the  batch  tank  and 
in  each  of  the  three  impregnation  tanks.  Current  and 
voltage  are  on  digital  read-outs  in  the  center  panel. 

The  pH  and  the  temperature  are  controlled  in  the 
batch  itself,  and  not  in  the  impregnation  tanks.  That 
information,  on  pH,  temperature,  voltage  and  current,  is 
taken  every  ten  minutes  during  an  impregnation. 

The  formation  panel  also  has  digital  current  and 
voltage  displays.  The  panel  is  set  up  to  automatically  step 
through  the  3-1/2  formation  cycles.  Information  is  recorded 
every  twenty  minutes. 

We  also  get  formation  and  ECT  Information  from  the 
Fluke  data  logger  which  is  in  another  room. 

(Figure  39-10) 

After  formation,  plaque  are  scrubbed,  rinsed, 
dried  and  weighed.  Then  they  go  back  to  the  formation  tanks 
for  an  electrical  characterization  test.  The  test  has 
20  cycles  of  a 72-minute  charge  at  C rate,  followed  by  a C 
rate  discharge  to  minus  .2  volts.  The  plaque  are  then 
charged  for  sixteen  hours  at  a C/IO  rate,  and  discharged  at 
C/2  rate  to  minus  .2  volts.  The  measured  capacity  at  this 
point  must  be  the  equivalent  of  1.25  ampere-hours  per 
electrode. 


The  plaque  are  again  scrubbed,  rinsed  and  dried, 
and  ECT  weight  loss  is  determined. 


(Figure  39-11) 
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This  graph  shows  the  increase  in  capacity  seen 
during  that  20-cycle  test. 

(Figure  39-12) 

This  is  some  weight  loss  data  from  the  1200  series 
electrodes.  You  can  see  that  there  is  a low  of  minus  .6 
grams,  up  to  a high  of  minus  3.8  grams  lost  during  that 
test. 

(Slide  not  available) 

This  is  a photograph  of  a plaque  that  has  gone 
through  EOT.  1 was  hoping  you  could  see  how  clean  the 
surface  of  the  plaque  was.  The  EOT  cycling  seems  to  do  a 
lot  for  cleaning  the  surface  of  the  plaque. 

(Figure  39-13) 

A one  percent  random  sample  of  electrodes  is 
subjected  to  stress  testing.  The  first  part  of  that 
procedure  is  a hot  formation  in  20  percent  potassium 
hydroxide  at  70  degrees  C.  The  formetion  procedure  is  an 
13-minute  charge,  followed  by  an  18-minute  discharge,  both 
at  the  5 C rate. 

The  electrodes  are  scrubbed,  rinsed  and  dried. 

They  are  weighed  and  measured  for  thickness  at  three 
designated  points.  The  test  is  conducted  in  31  percent 
potassium  hydroxide,  and  begins  with  an  initial  capacity 
which  consists  of  a 12-minute  charge  at  the  5 C rate, 
followed  by  a 1-hour  charge  at  C/2  rate;  discharge  is  a C 
rate  to  minus  1 volt.  The  C rate  is  designated  as  1 .4 
ampere-hours . 

The  stress  test  itself  is  200  cycles,  consisting 
of  a 12-minute  charge  and  an  8-rninute  discharge,  both  at  the 
10  C rate.  After  200  cycles  there  are  five  more  capacity 
cycles,  exactly  the  same  as  the  initjal  capacity. 

The  electrodes  here  must  also  have  a minimum 
capacity  of  1.25  ampere-hours  based  on  the  average  of  the 
fourth  and  fifth  capacities  of  the  stress  test. 

Ibe  electrodes  are  again  scrubbed,  rinsed,  dried, 
weighed  and  measured  at  the  same  three  points,  as  they  were 
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before  the  test.  They  are  inspected  for  blisters,  cracks 
end  other  visible  defects. 

(Figure  39-14) 

Here's  some  information  from  the  1000  series 
stress  test,  showing  the  initial  weight,  capacity,  the 
capacities  after  the  stress,  final  weight,  and  the  weight 
loss  for  those  electrodes. 

(Figure  39-15) 

This  is  the  picture  of  an  electrode  that  has  been 
through  stress  testing.  It-'s  not  as  clear  as  I would  like* 
you  can't  see  too  well;  but  the  electrode  looks  pretty  good 
for  the  cycling  it  has  been  through. 

(Figure  39-16) 

We  are  beginning  to  work  on  a technology  program 
with  Hughes  and  NASA  Lewis  to  make  positive  electrodes  with 
the  variables  shown  on  this  chart.  The  electrodes  we  now 
produce  generally  fit  in  the  center  category,  in  bend 
strength,  pore  size  and  loading.  And  now  we're  going  to  be 
able  to  try  and  make  electrodes  on  -either  side  of  what  we 
now  make,  and  compare  those  to  the  current  electrodes. 

(Figure  39-17) 

Eagle-Picher , Colorado  Springs,  has  demonstrated 
the  capability  for  the  production  of  flight  quality 
nickel-hydrogen  electrodes.  We've  built  over  12,000 
electrooes  to  this  point.  These  electrodes  pass  severe 
acceptance  tests  without  loss  in  capacity  and  without 
physical  deterioration.  Quality  and  performance  are  further 
being  upgraded  by  both  government-funded  program  and  Hughes 
internally  funded  technology  programs. 

Thank  you. 


DISCUSSION 

MAURER  (Bell  Labs)*  Would  you  say  a word  about 
thickness  increase  on  the  stress  test,  and  .the  blister  count 
requirements? 
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BLESERi  I don't  have  any  data  with  me  right  now. 
,We  do  see  some  swelling.  We  have  a swelling  requirement. 

PICKEIT  (Hughes  Aircraft)*  Let  me  answer  the 

question. 

Our  restriction  is  no  more  than  3 percent  of  the 
total  area  will  contain  blisters,  and  it-'s  usually  much 
lower  than  that.  .The  last  lot  we  processed  was  the  1200 
series,,  which  she  showed  you  some  data  on.  It  had  less  than 
1 percent  blisters.  And  .the  thickness  increase  requirement 
is  2 mills  maximum,  and  it^s  usually  well  below  a miJl. 

STOCKEL  (Comsat)*  Dave,  looking  at  that  stress 
test  with  the  C rate  you  had  listed  there,  it  looked  like 
you'd  get  an  dverdischarge  for  about  two  minutes. 

PICKETT*  In  formation  we  do,  yes.  But  during  the 
stress  test  the  electrodes  are  hot  overdischarged  beyond 
minus  1.9  volts.  There  are  two  diodes  protecting  each  cell, 
so  they  'don't  go  further  into  reversal. 

TASEVOLI  (Goddard)*  What  are  the  advantages  of 
the  aqueous  alcohol  impregnation  when  compared  to  the  Bell 
process?  Are  any  of  those  advantages  increased  cycle  life? 

PICKETT*  Well,  we  haven't  made  a one-to-one 
comparison  with  this  process  run  here.  The  process 
originally  formulated,  the  alcohol  was  to  lower  the  boiling 
point,  or  lower  the  temperature  of  the  process,  is  what  it 
initially  intended  for. 

I think  it  has  some  other  advantages,  like 
decreasing  the  amount  of  hydration  ol  the  hydroxide  as  it 
goes  into  the  pores.  And  the  solution  can  be  buffered  to 
some  extent  by  the  alcohol,  because  the  ionization  constant 
is  decreased  quite  substantially  by  the  alcohol. 
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USAF  POSITIVE  ELECTRODE  PROCESS 


• BASIC  PROCEDURE  DEVELOPED  FOR  USAF/WPAFB  UNDER 
CONTRACT  F33615-76-C«407,  MANUFACTURING  METHODS 
FOR  NICKEL-CADMIUM  BATTERIES 

• ELECTROCHEMICAL  PROCESS  UTILIZING  AQUEOUS 
ETHANOL  SOLVENT  SYSTEM 

• SEVERAL  ADDITIONAL  CONTROLS  INSTITUTED  BY  HUGHES 
FOR  FLIGHT  ELECTRODES 

• HUGHES  CONTROLLED  MCD 

• DEDICATED  SOLUTION  ANALYZED  PRIOR  TO  EACH  RUN 

• COMPLETE  TRACEABILITY  FOR  EACH  ELECTRODE 

• ELECTRICAL  CHARACTERIZATION  TEST  (CAPACITY  AND 
WEIGHT  AT  PLAQUE  LEVEL) 

• STRESS  TEST  (CAPACITY,  WEIGHT,  AND  APPEARANCE 
AT  ELECTRODE  LEVEL) 

• 100X  INSPECTION  (DIMENSIONS  AND  APPEARANCE) 

Figure  39-1 

FLOW  CHART  FOR  EPI/USAF  POSITIVE 
ELECTRODE  PROCESS 


Figure  39-2 

PLAQUE  PROCESSING 


• DRY  SINTER  PROCESS 

• SELECTED  DENSITY:  INCO  287  POWDER 

• THICKNESS  0.029  ± 0.002  IN. 

• SINTER  POROSITY  82  < 87%,  OVERALL  POROSITY  78  TO  82% 

• BEND  STRENGTH  550±50PSI 

• PHYSICAL  APPEARANCE 

Figure  39-3 


477 


ELECTROCHEMICAL  IMPREGNATION 


LOT  1211  IMPREGNATION 
CURRENT  TIME  BEHAVIOR 


• 1.6T0  1.8MNi(N03)2 

• 0.12  TO  0.18  M C°  (N03)2 

• 45  ± 2%  ETHANOL 

• pH  2.8  TO  3.2 

• 70  TO  80°C 

• 0.35  AMP/IN.2 

• LOADING  1.45  TO  1.75  Gm/CM3  VOID  VOLUME,  INCLUDES  C°  (OH)2 

Figure  39-4 


FORMATION 


Figure  39-5 


• 20%  KOH 

• 3 1/2  CYCLE 

• INITIAL  DISCHARGE 
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0.07 

20 

Figure  39-6 


Figure  39-7 


Figure  39-8 


Figure  39-9 
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ELECTRICAL  CHARACTERIZATION  TEST 
(ECT) 


• 20  CYCLES  AT  CRATE 

• 16  HOUR  CHARGE  C/10 

• C/2  DISCHARGE  TO  -0.2  V VS  HG/HGO 

• FINAL  CAPACITY  MEASURED 

• RINSE  TO  CLEAR  PHENOLPHTHALEIN  AND  DRY 

• FINAL  WEIGHT 

Figure  39-10 

LOT  1200  ECT  WEIGHT  LOSS  DATA 


• HOT  FORMATION 
2 CYCLE 
20%KOH 
70°C 
EC  RATE 

• INITIAL  WEIGHT 

• INITIAL  CAPACITY 
12  MIN  EC  CHARGE 
1 HOUR  C/2  CHARGE 
C DISCHARGE  TO  -I.OV 

• 200  CYCLES 
12  MIN  IOC  CHARGE 
8 MIN  IOC  DISCHARGE 

• S CYCLES  IDENTICAL  TO  INITIAL  CAPACITY 

• CAPACITY 

• WEIGHT  LOSS 

• APPEARANCE 

Figure  39-13 

LOT  1000  STRESS  TEST  RESULTS 


ELECTRODE 

DESIGNATION 

INITIAL 
WT.  GM 

INITIAL 

CAPACITY, 

AH 

1 CAPACITIES  AFTER  STRESS,  AH 

FINAL 

WEIGHT 
LOSS.  OM 

1 

2 

3 

4 

6 

WT,GM 

1005 

18-04 

16.045 

1.24 

107 

107 

1.49 

102 

102 

14026 

0019 

1008 

16-01 

14.661 

1.24 

108 

1.40 

102 

105 

105 

14.424 

0027 

1008 

2403 

14.510 

1.24 

1.45 

105 

107 

1.49 

1.49 

14.328 

0.152 

1008 

1508 

14056 

1.19 

108 

101 

105 

108 

108 

14.604 

0052 

1005 

15-05 

14,441 

1.19 

101 

108 

101 

103 

103 

14099 

0.142 

1003 

12-09 

14.657 

1.19 

1O0 

102 

105 

1.45 

105 

14.490 

0.167 

1W1 

2603 

14066 

101 

1.45 

107 

109 

103 

102 

14.594 

0071 

1002 

0604 

14083 

U6 

102 

1.45 

107 

109 

109 

14062 

0021 

Figure  39-14 


LOT  NUMBER 

PICK-UP  WT,GM 

WT  AFTER  ECT,  GM 

AWT,GM 

1208 

90.9 

90.3 

41.6 

1209 

93.3 

89£ 

22 

1210 

02.6 

90.0 

•2.6 

1211 

02£ 

90.4 

-2.4 

1212 

953 

03.4 

•22 

1213 

96.8 

93.1 

2.7 

1214 

842 

. 91.9 

•22 

121S 

94.7 

932 

-12 

1216 

92.7 

912 

•12 

1217 

92.7 

92.1 

2.6 

1219 

932 

92.4 

22 

Figure  39-12 


ECT  CAPACUY  INCREASE  WITH  CYCLING 


Figure  39-11 

POSITIVE  ELECTRODE  STRESS  TEST 
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POST  STRESS  TEST  APPEARANCE  OF 
LOT  1200  ELECTRODES 


Figure  39-15 

NASA-URC  TECHNOLOGY  PROGRAM 


LEVELS 

FACTORS 
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PLAQUE  MECHANICAL 
STRENGTH,  PSI 
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650 

PLAQUE  PORE  SIZE, 
n IN  DIAMETER 
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15 

25 

ACTIVE  MATERIAL  LOADING 
LEVEL  GM/CM3  VOID 

1.3 

1.45 

1.6 

Figure  39-16 
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COMSAT  LABS  LIFE  TEST  DATA  FOR  Ni  H2  CELLS 


J.  Stockel 
COMSAT 

This  afternoon  I'm  going  tc  give  a very  short 
presentation  on  the  data  that  we've  been  taking  in  our  lab 
over  the  last  six  and  a half  years.  This  is  a nickel 
hydrogen  battery  that  was  made  for  Intelsat  by  IRW  back  in 
J975.  It  was  a ten  cell  battery  and  the  cells  are  the  NPS-2 
type  cell.  The  identical  cells  are  flying  in  orbit  in  a 
Navy  satellite. 

It's  a 35  ampere-hour  rated  cell  that  delivers 
about  37.5  to  40  measured  capacity.  The  plates  are 
electrochemically  impregnated  using  slurry  plaque.  And, 
like  I said,  it's  been  on  test  now  for  about  six,  six  and  a 
half  years,  and  we  Just  completed  or  we  Just  went  through 
two  days  ago  the  1 4th  eclipse  season. 

(Figure  40-1) 

□n  this  axis  is  plotted  the  eclipse  season,  and  on 
the  Y axis  is  the  average  end  of  discharge  voltage  for  the 
cells. 


Back  in  '75  we  decided  we  would  start  the  battery 
testing  simulating  the  12  hour  NPS-2  type  orbit.  Then  after 
the  fourth  eclipse  season  we  shifted  over  to  the 
geosynchronous  type  orbit. 

In  between  I guess  five  and  seven  we  did  have 
daily  discharges  to  60  percent  depth  of  discharge  during  the 
solstice  period.  Then  we  stopped  that.  On  the  ninth 
eclipse  season  we  did  do  a zero  volt  reconditioning  of  all 
the  cells.  From  then  on  we're  Just  doing  zero  volt 
reconditioning  of  half  the  cells. 

The  cells  that  we  picked  to  recondition  were  the 
worst  cells  in  the  battery.  But  the  depth  of  discharge  for 
the  longest  eclipse  is  60  percent.  As  you  can  see,  the  rest 
of  the  rather  low  recharge  ratio,  only  1.06,  600  milliamps 
trickle  rate  discharged  at  approximately  C/2,  which  Is  1/.5, 
and  we  charged  at  approximately  zero  to  ten,  which  is  3.5 
amps . 
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So  it's  been  fairly  steady  throughout  the  14 
eclipse  seasons,  six  and  a half,  seven  years  of  lifetime. 
And  this  is  real  time,  by  the  way. 

(Figure  40-2) 

I did  take  out  Just  a few  weeks  ago  one  of  the 
cell  from  the  battery  to  analyze,  and  I'll  present  for 
information  purposes  the  physical  and  chemical  analyses  I 
did  on  one  plate  from  the  cell  that  1 removed  from  the 
battery. 


V'Je  have  a thickness  of  about  .081  centimeters.  We 
do  the  chemical  analysis  for  the  nickel  hydroxide,  the 
cobalt;  we  break  out  the  sinter,  the  substrate;  total  them 
all  up,  and  the  difference  of  that  weight  subtracted  from 
what  the  plate  weight  started  at  the  beginning,  we  give  the 
catch-all  term  of  water. 

The  loading  is  1 .37.  And  what  I mean  here  is 
that's  Just  loading  considering  nickel,  nickel  hydroxide 
only,  1.37.  But  I was  interested  in  nickel  plus  cobalt  and 
that's  also  given,  and  then  this  would  be  the  total  loading 
or  the  loading  that  you  would  be  based  on  if  you  took  the 
typical  weight  gain  of  a plate  during  impregnation. 

I do  utilizations  at  two  temperatures.  This  is 
flooded.  The  utilization  is  Just  a ratio  of  the  floodina 
capacity  to  the  theoretical  capacity.  The  flooded  capacity, 
this  is  free  standing  electrolyte,  we  do  a 20  degrees  C; 
it's  1 .33.  We  get  a vast  increase  when  we  go  down  to  zero 
degrees,  we  go  down  to, 1.76  on  this  plate.  'And  the 
utilization  at  room  temperature  is  1 and  1.32  at  the  lower 
temperature. 

This  is  porosity  that  of  course  we'd  get  from  Just 
measuring  the  thickness  and  the  area  and  .the  volume  of  the 
plate.  Just  for  the  plaque  it's  about  82  and  for  the  sinter 
it's  a little  higher.  Plaoue,  of  course,  contains  the 
substrate. 

(Figure  40-3) 

Just  to  give  a little  comperison,  what  I call  new 
plate,  very  limited  data.  I really  had  only  one  plate  to 
compare  that  to.  This  was  back  five  years  ago.  I went  back 
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through  some  of  my  old  archive  data  and  fcund  that  we  had 
about  .79  centimeters  on  one  of  the  plates . that  we  analyzed. 
We  did  do  a flooded  capacity  at  room  temperature.  It  was 
1.34. 


Now  this  used  piste  wes  the  One  I removed  from  the 
cell  after  six  and  a half  years.  And  that»  once  again,  is 
only  one  plate.  This  is  very  preliminary  and  I^will  get  a 
better  number  for  these  actually  when  I measure  all  the 
plates.  And  it  was  1.33.  but  what  wes  more  interesting  I 
thought,  the  cell  that  I took  the  piste  out  of,  I reached 
into  the  battery,  pulled  out  the  cell  that  had  been  on 
trickle  charge  for  the  solstice  period,  took  it  back  to  the 
laboratory  and  discharged  it,  just  as  it  wes.  And  it  was 
able  to  produce  40  ampere-hours  out  to  one  volt.  If  anyone 
remembers  when  I gave  my  paper  in  Atlanta  at  the  ICEC,  the 
capacity  we  were  able  to  measure  in  orbit  on  the  MPS-2 
battery  was  40  ampere-hours. 

(Slide  not  available) 

Also  I did  a high  rate  cycling  on  this  plate  after 
six  and  a half  years.  What  we  do  for  our  high  rate  cycling 
is  an  18-minute  cycle  where  we  charge  at  12  amps  for  12 
minutes  and  then  discharge  at  12  amps  for  six  minutes. 

That's  with  100  percent  overcharge.  There  is  no 
overdischarge . 

We  did  it  overnight  for  about  58  cycles,  and  we 
did  not  see  any  blistering'on  these  six  and  a half  year  old 
plates . 


(Slide  not  available) 

I have  a picture  here  of  what  happens  when  a 
plate  blisters.  It's  very  obvious.  This  is  a plate  that 
went  through  that  high  rate  cycle  test.  A lot  of  times  it 
will  happen  in  the  first  or  second  cycle;  this  one  I believe  was 

Overnight.  This  is  what  happened  to  this  plate  after  58 
cycles. 


Thank  you. 

STADNICK  (Hughes  Aircraft)*  What  was  the 
temperature  during  the  orbital  average? 
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STOCKEL*  Ten  degrees,  Steve.  In  this  battery  the 
cells  are  captured  in  sleeves,  similar  to  your  design.  It's 
captured  in  sleeves  and  the  cell  actually  sits  through  a 
honeycomb  base  plate*  The  base  plate  is  bolted  to  a 
temperature  control  plate,  and  we  maintain  that  at  ten 
degrees . 

STADNICK*  And  your  capacity  tests; were  for  whet 
temperature? 

STOCKEL*  The  capacity  tests  were  all  done  at 
ten.  The  average  temperature  of  the  NPS-2  spacecraft  in  orbit 
when  it  discharged  was  about  14.5  to  15  degrees. 

MILLER  (Eagle-Picher) * Joe,  those  were  real  good 
looking  cells  there.  Who  made  those,  Joe? 

(Laughter. ) 

STOCKEL*  I can't  remember,  Lee.  Have  you  got  any 

idea? 

(Laughter. ) 

Didn't  I say?  I thought  I did.  I slipped  up 

there. 

BEIZ  (NRD*  Joe,  on  the  discharge  after  six  and  a 
half  seasons  did  you  see  a second  plateau  or  was  it  the 
same  type  of  curve?  Did  you  see  any  evidence  of  second 
plateau  on  that  discharge? 

STOCKEL*  No.  At  the  high  rate  I didn't. 
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LIFE  TEST  OF  50  AH  NiHL  BATTERY 
D.  Warnock 
USAF 

I have  two  topics  and  one  time  slot,  so  I have 
abbreviated  both  of  the  presentations  to  make  them  fit. 

(Figure  41-1) 

1 have  two  Vu-graphs  on  some  life  cycle  testing 
that  we  have  been  doing  on  a battery  whose  age  is  very 
similar  to  Joe  Stockel-'s  bstterys  the  cells  were  built  in 
1975,  they  were  put  into  a battery  in  1976,  flown  in  1977  in 
low  earth  orbit.  These  cells  were  made  by  Eagle-Picher. 

(Figure  41-2) 

Pm  just  going  to  give  you  the  two  most  important 
charts.  The  test  is  being  run  in  a rather  unusual  fashion. 

We  cycle  for  a 1000  cycles  or  so,  and  then  we  short  it,  let  it 
sit  around  the  lab  at  room  temperature  for  several  months  — 
nine  months,  a year,  whatever,  cycle  it  for  another  1000 
cycles  or  so,  and  then  let  it  rest. 

One  of  the  things  that  we're  looking  for  is  to  see 
if  we  are  getting  degradation  in  performance  during  the 
periods  when  the  battery  is  not  being  cycled,  and  comparing 
that  to  degradation  of  performance  that  we  get  when  the 
battery  is  being  cycled.  We  have  about  6000  cycles  on  it 
now. 


For  those  of  you  who  are  familiar  with 
presentations  that  Marty  Gandel  has  made  on  a similar 
battery,  this  is  the  same  kind  of  battery  that  Marty  has 
reported  on.  Marty  eventually  got  to  13,000  cycles  on  his. 
There  were  three  batteries  built  for  that  space  experiment, 
50  ampere-hour  cells,  21-cell  batteries,  asbestos 
separators,  slurry  process  plaoue,  Eegle-Picher/Be 11  process 
type  electrochemical  impregnation. 

We  had  one  cell  failure  when  we  tried  to  restart 
after  3000  cycles.  And  although  I have  other  data  and 
charts  that  will  not  be  shown  today,  I assume  those  wiJl 
appear  in  the  proceedings. 
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The  most  interesting  date  is  when  you  take  the 
average  cell  voltage  of  the  cells  that  are  operating.  And 
what  we  see  here  is  that,  well,  initially  they  were  cycled— 
you  can  hardly  see*  there's  a little  point  here  and  a little 
point  here,  and  that  indicates  some  cycling  that  was  dohe  at 
Eagle-Picher  under  the  same  conditions  in  1976,  I believe. 

This  represents  the  first  phase  of  testing  at  the 
Propulsion  Lab.  So  there's  a gap  between  here  and  the  start 
of  this  testing  of,  oh,  a couple  or  three  years. 

The  axis  down  here  is  Cycles,  not  time. 

There's  a gap  over  here  of  about  nine  months,  and 
a gap  over  here  of,  i think  on  the  order  of  nine  months  to  a 
year  or  so. 

We've  done  a least  squares  linear  fit  to  the  data 
in  each  of  the  cycling  phases.  And,  as  you  can  see,  the 
slope  of  that  fit  is  almost  exactly  parallel  for  each  of 
those  phases.  So  it  looks  like  the  same  process  is  taking 
place  at  the  same  rate. 

There  does  not  appear  to  be  any  degradation  in  the 
periods  when  the  battery  is  not  beinc  cycledt  in  fact,  it's 
rather  obvious  that  there  is  a recovery  of  performance* 

It  could  be  that  there's  a component  of, 
degradation  which  is  being  masked  by  a larger  component  of 
recovery.  I really  don't  know  the  answer  to  that.  But  it 
certainly  appears  that  on  these  cells,  which  are  about  six 
years  old,  that  shelf  life  is  not  a problem  for  them.  There 
does  not  appear  to  be  any  degradation  of  the  battery  that 
can  be  related  to  the  period  of  time  when  it's  sitting, on 
the  shelf . 


(Figure  41-3) 

The  only  other  araph  on  this  topic  is  to  Show  a 
similar  plot  for  the  end  of  charge  voltaoe.  It  shows  about 
the  same  performance. 

The  slopes  of  the  degradation  curves  afe  about  the 
same,  and  you  can  see  that  the  performance  at  the  end  of  the 
last  period  is  about  the  same  as  the  performance  at  the  end 
of  this  period  (Indicating),  and  about  the  same  as  the 
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performance  bracketed  out  here  by  the  very  early  testing 
done  by  Eagle-Picher  in  1976. 

There  will  be  more  about  this.  This  is  a 
continuing  test.  And  I hope  to  be  able  to  present  more  data 
on  that  in  the  future. 

My  second  topic  is  that,  about  once  a year  I like 
to  come  here  and  give  some  indication  of  where  the  Air  Force 
is  and  where  we'^re  going,  and  why.  So  I have  about  a half  a 
dozen  charts  that  will  give  you  some  idea  of  where  we  are 
going  and  why, 

(Figure  41-4) 

Many  of  you  may  have  seen  this  chart  before.  It 
covers  the  .Air  Force  program  since  the  beginning*  the 
exploratory  development,  the  advanced  development  leading  to 
a 3-1./2  inch  individual  pressure  vessel,  or  IPV,  cell.  That 
has  now  gone  into  manufacturing  technology.  Yardney 
Electric  has  the  manufacturing  technology  program,  Hughes 
has  the  advanced  development  program  here. 

We've  taken  these  components,  and,  in  1979,  we 
went  into  exploratory  development  of  common  pressure  vessel 
modules.  That  work  is  being  done  by  EIC  Corporation.  The 
main  advantage  of  common  pressure  vessels  is  that  it  simply 
increases  your  packaging  efficiency.  It  gives  you  better 
weight  energy  density,  better  volume  energy  density,  but 
basically  it's  a packaging  program. 

1 think  the  last  time  I presented  this  chart  here 
I probably  indicated  that  the  next  step  we  hoped  to  take  was 
to  go  to  a large  capacity  IPV.  That  would  be  a 4-1/2  inch 
diameter,  which  would  enable  us  to  go  to  capacities  as  high 
as  150  ampere-hours.  We  ran  into  approval  problems  on  that, 
because  that  doesn't  improve  your  volume  energy  density  and 
it  doesn't  improve  your  weight  energy  density,  and  the  Air 
Force  wasn't  really  too  happy  about  that. 

The  only  thing  that  we  could  tell  them  that  it 
woula  do  was  extend  cell  capacity  and  reduce  cost,  and  that 
wasn't  sufficient  to  get  approval  for  the  program. 

We  were,  however,  successful  in  getting  approval 
to  go  to  a 4-1/2  inch  diameter  CPV  program,  and  that  enables 


US  to  do  an  end-run  and  develop  the  components  we  need  here, 
and,  if  necessary,  come  back  and  do  that  later  on.  And 
that's  what  we'll  be  doing. 

(Figure  41-5) 

The  benefits  of  the  CPV  program  are  the  subject  of 
the  next  few  charts. 

What  I've  plotted  here — It  will  take  a minute  to 
get  oriented  to  it*  it's  obviously  a three-dimensional  plot. 

We  have  cell  capacity  out  to  150  ampere-hours  versus  cell 
diameter  up  to  6-1/2  inches,  and  the  Y axis  is  cell  energy 
density  in  watt-hours  per  pound. 

So  we  have  a surface  — actually  we  have  two 
surfaces.  The  lower  surface  is  for  IPV  cell  technology,  and 
the  upper  surface  is  for  common  pressure  vessel  technology, 
where  there  are  six  cells  in  each  mocule. 

The  advantage  of  this  kind  of  a graph  is  not  for 
picking  off  data  points,  obviously,  but  it  does  give  you  a 
good  idea  in  a very  concise  form  of  what  the  trends  are  when 
you  change  various  parameters,  what  It  does  to  you  in  terms 
of  weight  and  volume  and  energy  density. 

A couple  of  points  of  interest  here.  It's  sort  of 
hard  to  see,  but  at  3-1./2  inches,  this  line  coming  up 
through  here  stops  at  this  point.  And  what  that  means  is 
that  the  packaging  of  the  leads  in  the  hole  that  runs  down 
the  middle  of  the  electrode  stack  sterts  to  get  very 
crowded,  and  in  the  Air  Force  design  you  cannot  go  beyond 
around  50  to  60  ampere-hours  with  the  3-1/2  inch  diameter 
because  of  the  lead  crowding.  So  this  surface  ends  here. 

You  go  to  4 inches  and  you  can  go  out  to  a larger 
capacity.  You  go  to  4-1/2  inches  and  you  can  now  go  all  the 
way  out  to  150  ampere-hours,  which  is  our  interface  with 
NASA.  The  Air  Force  will  be  doing  cells  up  to  150 
ampere-hours,  NASA  will  be  doing  abo\e  150  ampere-hours. 
4-1/2  inches  enables  us  to  get  to  the  limit  of  the  capacity 
that  the  Air  Force  is  interested  in. 

The  red  line  indicates  the  present  capability; 
that  is,  the  3-1./2  inch  diameter  cell  running  out  to  50  to 
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60  ampere-hours. 

The  upper  red  line  indicates  t;he  capacity,  or, 
rather,  the  energy  density  that  we  will  get  with  the  4-1/2 
inch  6-cell  CPV,  And,  as  you  can  see,  there's  a substantial 
increase  in  weight  energy  density  or  watt-hours  per  pound. 

Since  you  can't  pick  the  numbers  off  this  graph 
very  well,  I've  done  it  for  you,  and  put  it  on  another 
chart . 


(Figure  41-6) 

This  now  shows,  in  terms  of  cell  capacity  out  to 
150  ampere-hours,  the  advantage  in  percent  that  a 6-ceJl, 
4-1/2  inch  CPV  has  compared  to  a 3-1/2  inch  IPV,  and  to  a 
4-1/2  inch  IPV. 

You  can  see  that  at  capacities  below  around  50 
ampere-hours,  the  advantage  of  the  CPV  runs  up  to  a very 
high  percent,  50  percent  or  more.  Beyond  about  50  to  60 
ampere-hours,  the  advantaoe  plateaus  at  about  22  to  23 
percent  increase  in  weight  energy  density.  That  isn-'t 
dramatic,  but  it-'s  worthwhile. 

(Figure  41-7) 

We'll  take  a quick  look  at  the  same  thing  for 
volume  energy  density.  The  axes  are  the  same,  the  lower 
surface  is  IPV  and  the  upper  surface  is  CPV.  Now  you  can 
see  an  even  more  dramatic  improvement  in  yolume  energy 
density.  Instead  of  a gain  on  the  order  of  20  to  50' 
percent,  we're  getting  a volume  energy  density  increase 
closer  to  about  100  percent.  And  when  you  get  that  kind  of 
an  increase  in  volume  energy  density  with  nickel-hydrogen, 
you're  getting  very  close  — not  quite  to,  but  you're 
getting  very  close  to  the  energy  density,  volume-wise,  of 
nickel-cadmium;  not  quite,  but  you're  within  about  1 0 or  15 
percent. 


Again,  the  lower  red  line  indicates  the  present 
capability,  a 50-ampere-hour  cell,  3-1/2  inch  diameter,  out 
to  about  60  ampere-hours.  The  upper,  the  CPV  running  all 
the  way  out  to  1 50  ampere-hours.  Anc,  again,  I've  done  the 
arithmetic  for  you  and  put  it  on  another  chart  so  that  you 
can  see  directly,  or  more  quantitatively,  what  the  advantage 
is. 


491 


(Figure  41-8) 


Now  we're  looking  at  the  percentage  improvement  in 
watt-hours  per  cubic  inch  of  the  6-cell,  4-f/2  inch  CPV,  in 
this  case  compared  to  a 3-172  inch  IPV.  You  can  see  you're 
running  from  150  percent  improvement,  100  percent 
improvement,  to,  oh,  about  70  percent  improvement  hera.  And 
if  you  were  comparing  to  a 4-1/2  inch  IPV,  this  kind  of 
improvement  out  here  (indicating). 

beyond  the  capability  of  the  3-1/2  inch  diameter 
cell,  the  improvement,  again,  would  be  a maximum  of  about 
176  percent  down  to  a minimum  of  100  percent  improvement  in 
volume  energy  density. 

So  this  is  what  the  Air  Force  is  looking  for. 

There's  one  set  of  charts  missing,  and  maybe  one 
oay  I'll  have  them.  I'd  like  to  be  able  to  show  the 
improvement  in  cost.  I think  it's  gcing  to  be  very 
substantial.  A lot  of  the  cost  of  bur  cells  is  in  the 
pressure  vessel  and  the  labor  and  the  welding.  And  it 
certainly  will  be  less  expensive  to  make  one  large  pressure 
vessel  than  it  would  be  to  make,  say,  five  or  six  small 
ones.  But  in  order  to  come  up  with  those  cost  numbers,  I 
need  Information  that  we  don't  have  right  now.  1 do  expect 
a very  substantial  cost  improvement. 

Thank  you. 


DISCUSSION 

HAMPEL  (General  Electric)*  What  was  the  nature  of 
that  cell  failure  you  mentioned  in  Tcpic  No.  1? 

WARNOCK*  The  cell  shortec.  And  we  don't  know 
what  happened  internally,  but  it  was  a short  failure.  We 
did  not  wire  around  it.  The  cell  is  still  wired  in,  just  as 
if  it  were  an  active  cell  in  the  battery.  And  there  is  a 
voltage  drop  across  the  cell,  both  on  charge  and  discharge. 

The  data  that  you  saw,  we  took  that  voltage  out  so 
that  when  we  normalized  it  to  average  we  would  get  the  true 
average  of  the  cells  that  were  operating. 
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But  it-'s  a shot^t  failure.  The  cell  is  still  wired 
into  the  battery,  and  it-'s  having  a \oltage  drop  across  it. 

DYER  (BeJl  Labs)*  On  the  charging  after  your 
period  of  stand  on  the  low  earth  orbit  cycles,  what  were, the 
conditions  on  the  recharge?  Did  you  use  the  C rate  or 
thereabouts,  on  recharge? 

WARNOCK*  I honestly  don't  know*  I'll  have  to  ask 
my  laboratory  engineer.  But  I think  that  the  first  charge 
after  a rest  period  is  a rather  gentle  charge  over  a period 
of  like  12  hours.  And  it's  done  at  e current  that  would 
not  give  us  significant  overcharge. 

So  it's  that  sort  of  a thing.  But  within  one  or 
two  cycles  it  goes  right  back  into  a regular  90-minute 
orbit. 


DYER*  And  what  temperature  would  that  have  been 
at;  do  you  remember? 

WARNOCK*  Our  battery  is  operating  at  the 
laboratory  room  temperature;  which  is  nominally  20  degrees 
C.  And  it  is  stored  also  at  that  temperature. 

DYER*  And  it's  stored  shorted,  too,  1 assume, 
during  the  intervals? 

WARNOCK*  Yes. 

DYER*  One  other  question.  The  common  pressure 
vessel  design.  Are  we  getting  close  to  any  of  those  limits 
you  showed  on  those  theoretical  surfaces? 

WARNOCK*  Not  in  the  work  that  has  been  done  so 
far,  because  the  exploratory  program  is  using  only 
boilerplate  pressure  vessels*  there  have  been  no  lightweight 
cells  built.  However,  the  surfaces  that  are  shown  are  not 
based  on  any  improvement  in  technology.  In  other  words, 
those  are  computer  generated  numbers  based  on  the  kind  of 
technology  that  we  use  now  in  the  IPV  cells*  the  same 
strength  for  the  pressure  vessel  material,  the  same  capacity 
for  the  electrodes,  and  that  sort  of  thing.  There  is  no 
improvement  in  the  technology.  Those  surfaces  show  purely 
changes  in  packaging  factors. 
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HARKNESS  (Crane)*  Along  the  seme  lines,  on  the 
reconditioning,  you  said  you  ran  a couple  of  cycles  after 
the  initial  charge.  Were  those  100  percent  DOD  cycles?  And 
did  you  see  a slow  buildup  in  the  capacity,  or  did  you  have 
almost  maximum  capacity  after  the  first  couple  of  cycles? 

WARNOCK*  Those  are  not  100  percent  depth.  Again, 
I'm  not  sure  about  this,  but  I think  that — The  battery  has 
been  stored  shorted.  He  charges  it  up  rather  slowly  for 
about  a 12-hour  period  to  essentially  full  charge,  then  does 
a 50  percent  depth,  back  up  to  full  charge,  and,  if 
everything  looks  good,  immediately  goes  into  90-minute 
cycling  at  50  percent  depth. 

QTZINGER  (Rockwell)*  When  you  showed  your 
surfaces  there,  one  parameter  that  you  didn't  spell  out  was 
the  maximum  design  pressure.  And  that  pressure,  of  course, 
would  influence  drastically  the  results.  I think  right  now 
you're  designed  for  — what?  — around  500? 

WARNOCK*  About  BOO  is  the  max  operating  design. 

QTZINGER*  So  if  you  went  up  to,  say,  1000  or  so, 
then  it  would  change  your....  Is  there  any  plan  to  look 
into  doing  that? 

WARNOCK*  The  pressure  increase  that  you  get  in 
doing  these  various  packaging  exercises  manifests  itself  in 
a thickening  of  the  pressure  vessel,  which  is  included  in 
the  calculation,  in  the  computer  procram.  So  the  surfaces 
accurately  represent  what  happens  to  the  weight  of  the 
pressure  vessel  as  the  pressure  chances  when  you  change  the 
packaging  factors.  It  turns  out  that  at  4-1/2  inch  diameter 
you  will  have  pressures  of  around  1500  psi. 

One  of  the  reasons  that  the  3-1/2  inch  CPV  has  a 
poor  energy  density- — If  I may.  I'll  go  back,  just 
momentarily  to  that  Vu-graph. 

(Figure  41-8) 

On  this  upper  blue  surface  which  represents  CPV,  I 
hope  you  can  see  that  as  you  go  to  lower  diameters  this 
surface  is  starting  to  curve  over  here  rather  dramatically. 
And  the  reason  why  that  surface  is  turning  down,  and  it 
actually  drops  below  the  IPV  surface  at  3-1/2  inches,  is 
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because  of  the  increase  in  thickness  of  the  pressure  vessel 
as  the  pressure  gets  very  high  in  a 3-1/2  diameter  CPV. 
Because  you're  really  cramming  the  cell  down  into  the 
minimum  pressure  vessel  size  that  you  can  get.  And  the 
pressure  starts  to  skyrocket  below  around  4-1/2  inches. 

I have  plots  — I don't  have  them  with  me,  but  I 
have  plots  that  show  what  happens  to  the  pressure.  And  you 
have  a buildup  in  pressure  coming  in  this  direction,  and  at 
about  4-1/2  inches  that  pressure  starts  to  shoot  up  off  the 
top  of  the  graph.  It's  shooting  up  to  like  3000,  4500  psi. 
And  that's  another  reason  why  the  CPV  optimizes  much  better 
at  about  4-1/2  inches  than  at  3-1/2. 

HARKNESS*  At  the  end  of  each  cycling  period  I 
know  you  must  run  a capacity  check  before  you  go  into  your 
rest  period.  We  can  see  the  voltage  degradation.  Are  you 
also  getting  a degradation  in  capacity? 

WARNOCK*  Again,  I don't  have  the  numbers  at  my 
fingertips,  but  we  have  not  experienced  eny  significant 
degradation  in  capacity,  other  than  the  fact  that  the 
end-of-discherge  voltage  is  a little  bit  lower.  The 
capacity  of  the  battery  still  is  essentially  what  it  was 
five  or  six  years  ago. 
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Figure  41-1  eoc  average  cell  voltage  vs  test  duration 

Ni/H2  THERMAL  MODEL  BATTERY 
LEO  CYCLE  TEST  - PHASES  1-A 
SEPTEMBER.  1976  - APRIL,  1981 


TEST  DURATION  (CYCLES) 


EOC  VOLTAGE  AND  TEMPERATURE  VS  TEST  DURATION 

NJ/H2  THERMAL  MODEL  BATTERY 
LEO  CYCLE  TEST  - PHASES  1-4 
SEPTEMBER.  1976  - APRIL.  1981 


TEST  DURATION  (CYCLES) 


Figure  41-3 


Figure  41-2 
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NI/H2  BAHERY  STANDARD  COMPDNENTS  SYSTEM 


ItxK  E£V,I  — 
1972-1578 


I TWO  STANDARD  DIAMETERS 
I TWO  NODULE  TYPES 
I 0-150  AH 

• 20-30  WH/LB  (lOOJ  DOD) 


I'.'- 


NI/H2  CELL  ENERGY  DENSITY 


Figure  41-4 


Figure  41-5 


CPV  WH/LB  ADVANTAGE  OVER  IPV 

6 CELL  - <.5  INCH  DIAMETER  CPV 


0 10  20  so  40  SO  SO  70  80  SO  WO  HO  120  130  140  ISO 

CELL  CAPACITY  (AH) 


Figure  41-6 


BATTERY  VOLTAGE  (VOLTS) 


NI/H2  CELL  ENERGY  DENSITY 


Figure  41-7 


CPV  WH/IN3  ADVANTAGE  OVER  IPV 

6 CELL  - 4.5  INCH  DIAMETER  CPV 


Figure  41-8 


EOC  VOLTAGE  AND  CURRENT  VS  TEST  DURATION 

NI/H2  THERMAL  MODEL  BATTERY 
LEO  CYCLE  TEST  - PHASES  t-4 
SEPTEMBER,  1976  - APRIL,  1981 


Figure  41-9 
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EOD  VOLTAGE  AND  CURRENT  VS  TEST  DURATION 

NI/H2  THERMAL  MODEL  BATTERY 
LEO  CYCLE  TEST  - PHASES  1-A 
SEPTEMBER,  1976  - APRIL.  1981 


TEST  DURATION  (CYCLES) 


Figure  41-10 


NI/H2  CELL  ENERGY  DENSITY 


Figure  41-11 


Figure  41-12 


NI/H2  CELL  ENERGY  DENSITY 
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CYCI»ING  CHARACTERISTICS  OF  NiH2  CELLS  IN  STANDARD 
AND  DAILY  ENERGY  BALANCE  LEO  ORBITS 
P.  Ritterman 
TRW 

About  three  years  ago  Don  Warnock  was  kind  enough 
to  arrange  for  Hughes  to  lend  or  give  TRW  three  cells  from 
their  Advanced  Development  Program.  I-'m  going  to  talk  about 
some  tests  that  we've  done  on  the  first  generation  cells  of 
the  Air  Force-sponsored  Advanced  Development  Program. 

These  results  involve  a conventional  low-earth 
orbit  and  a daily  energy  balance  peak  power  low  earth  orbit. 

(Figure  42-1) 

As  most  of  you  know»  various  spacecraft  houses 
received  three  cells  from  the  Air  Force  via  Hughes  and  the 
cells  were  of  the  Air  Force  design.  They  were  50 
amoere-hours  rated  capacity.  The  electrodes  were  the 
pineapple-slice  shaped  electrodes  with  a recirculating  stack 
design. 


The  separator  extended  beyond  the  stack  to  the 
cell  wall,  touching  the  zirconium  oxide-coated  cell  wall  for 
electrolyte  recapture  which  was  lost  through  entrainment. 

The  positive  electrodes  were  made  bv  an  aqueoCis 
solution  electrochemically  impregnated  method,  and  two  cells 
had  an  asbestos  separator,  one  cell  had  the  Zircar 
separator. 


(Figure  42-2) 

First  let's  talk  about  the  conventional  low  earth 

orbit. 


Two  asbestos-separator  ceils  were  used.  I have 
the  same  base  plate  but  by  selecting  the  mass  of  the  thermal 
jacket  I got  the  one  cell  to  operate  from  5 to  10  degrees 
C.,  and  the  other  cell  to  operate  from  10  to  15  degrees  C. 

The  two  cells  were  subjected  to  a 90-minute  orbit. 
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50  amps»  the  C rate  was  the  discharge  rate  lasting  half  an 
hour,  the  initial  recharge  ratio  was  1,08. 

The  data  I'm  going  to  show  is  a plot  of 
end-of -charge  and  end-of-discharge  voltage  versus  the  number 
of  cycles  completed,  and  end-of -charge  and  end-of-discharge 
pressure  versus  cycles  completed. 

(Figure  42-3) 

Let's  look  at  the  end  of  charge  initially. 

We  get  a slight  rise  in  vojtage,  a tapering  off, 
end  then,  due  to  a power  failure  in  the' power  supply  that  we 
ran  the  tests  with,  we  were  forced  to  do  a reconditioning. 
The  reconditioning  caused  a slight  drop  in  the  end-of-charge 
voltage. 


Let's  go  down  and  see  what  happens  at  the  end  of 
discharge  at  the'same  time. 

At  the  end  of  discharge  the  results  of  the 
reconditioning  caused  a voltage  rise  but  as  you  can  see  from 
the  end-of-discharge  data,  the  voltage  was  beginning  to 
decline  before  the  reconditioning  and  continued  to  decline 
at  a more  rapid  rate  afterwards  than  prior  to  the 
reconditioning. 

In  essence  if  we  had  not  done  the  reconditioning 
this  would  have  been  a smooth  curve  descending  down  to  an 
end-of-discharge  voltage  slightly  below  l.lO. 

We  then  did  a deliberate  reconditioning.  And  it 
seemed  that  the  two  cells  'just  went  along  on  the  seme 
predetermined  path,  so  that  if  we  orew  a solid  line  it  would 
essentially  follow  this  except  for  it  would  not  have  the 
slight  rise  in  voltage  which  was  the  result  of 
reconditioning. 

We  then  turned  to  increasing  the  recharge  ratio  to 
1.16,  and  this  didn't  help  matters  significantly.  Perhaps 
it  helped  initially  but  at  the  end  of  6,000  cycles,  both 
cells  failed  due  to  low  voltage  and  low  capacity. 

(Figure  42-4) 
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During  that  same  time  we  traced  -the  pressure  and 
the  pressure  seemed  to  indicate  — and  this  is  a tentative 
conclusion  — that  the  chargeability  of  the  cell  was  being 
reduced?  that  is  to  say,  the  end-of-charge  pressure  was 
gradually  going  down.  And  naturally  the  end-of -discharge 
pressure  is  going  to  follow  that.  In  fact,  the  difference 
between  the  end-of-charge  pressure  and  the  end-of-discharge 
essentially  remained  a constant  throughout. 

(Figure  42-5) 

Now  let-'s  discuss  the  daily  energy  balance-peak 
power  load.  That  was  done  with  the  Zircar  separator  cell. 

We  used  15  different  cycles  of  peak  different  duration, 
repeated  on  a daily  basis,  so  that  every  day  was  like  every 
other  day  but  you  had  15  different  cycles  during  that  day. 
Each  cycle  used  two  discharge  rates. 

"Initial  peak  pulse"  is  really  an  incorrect  term 
because  sometimes  that  rate  is  as  long  as  18  minutes,  an 
initial  peak  rate  of  approximately  1.4  C.,  and  then  a basic 
rate  following  that  initial  rate  of  about  .2  C. 

We  had  the  same  ampere-hour  input  for  each  charge, 
and  that  was  about  16.9  ampere-hours,  or  17  amps  for  a 
duration  of  58  minutes.  The  daily  recharge  ratio  was  1.05. 
That  means  if  you  added  up  all  the  charges  in  one  day  and 
all  the  discharges,  you'd  have  105  percent  of  the  discharge 
equal  to  the  recharge. 

And  the  operating  temperature  --  this  is  cell  top, 
and  the  previous  operating  temperatures  I was  talking  about 
were  also  cell  top  — ranged  from  10  degrees  C.  to  20 
degrees  C. 


(Figure  42-6) 

This  slide  describes  in  greater  detail  the  15 
different  cycles.  . For  the  first  three  cycles,  the  peak 
pulse  lasted  for  18  minutes.  Since  we  had  a 36-minute  total 
discharge  time,  the  low  basic  rate  also  lasted  for  18  minutes. 
And  then  we  go  on  to  slightly  different  times. 

We  hit  the  minimum,  the  greatest  depth  of 
discharge  at  the  end  of  the  third  discharge  of  the  day;  that 
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is,  18  minutes  of  peak  pulse  rate  and  18  minutes  of  Just 
basic  rate. 

(Figure  42-7) 

Using  the  charge  and  discharge  ampere  hours 
numbers  I made  a theoretical  plot  of  the  state  of  charge  at 
the  end  of  charge,  the  state  of  charge  being  this  ordinate 
and  the  depth  of  discharge  at  the  end  of  discharge  at  the 
high  rate  and  the  end  of  discharge  at  the  subsequent  lower 
rate  the  other  ordinate. 

What  this  shows  is  that  we  are  only  fully  charged 
initially;  that  is,  after  the  first  charge  I don-'t  indicate 
anything  above  100  percent.  We're  at  100  percent  when  we 
begin,  and  we're  back  to  100  percent  when  we  end,  and  we  are 
at  100  percent  after  the  14th  charge. 

So  that  means  in  the  15  cycles  each  day,  there  are 
only  two  cycles  where  the  cell  is  actually  subjected  to  an 
overcharge. 

The  depth  of  the  discharge,  according  to  the 
calculation,  reaches  a maximum  66  percent  ODD  at  the  high 
rate  and  then  when  we  follow  up  with  18  minutes  of  low  rate, 
we  hit  a maximum  DOD  of  74  percent.  And  we  follow  this  a)l 
the  way  up  and  it  essentiaJly  goes  back  to  its  initial 
condition. 


I don't  show  a 15  over  here.  ] should  also  show  a 
1 over  here,  but  it  does  go  back  to  what  it  did  the  previous 
day,  of  the  first  charge  and  the  first  discharge. 

Let  me  put  this  Vu-graph  o\er  here. 

Now  let's  look  at  the  voltage,  actual  measured 
voltage  during  the  100th  day,  which  is  the  1500th  cycle  to 
the  1515  cycle. 

(Figure  42-8) 

As  I mentioned  before,  the  voltages  indicate  that 
we  are  in  overcharge  only  after  the  first  charge,  and  after 
the  15th,  you  can  see  the  voltage  is  essentially  below  1.5 
during  all  the  other  end-of-charge  points. 
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The  minimum  end-of-discharce  voltage  at  the  end  of 
the  basic  rate  is  about  ) .26  V on  the  hundredth  day;  the 
minimum  end-of-discharge  voltage  at  the  end  of  the  18-minute 
high  rate  discharge  is  about  1.17  V. 

(Figure  42-9) 

Now  this  is  the  same  data  at  the  end  of  the  700th 
oay,  or  about  9,000  cycles  later.  Essentially  the  results 
have  not  changed.  There's  a slight  crop  in  voltage  as  we  go 
from  the  100th  day  to  the  700th  day,  but  there's  essentially 
no  change  and  I would  say  no  significant  degradation. 

Let's  look  at  the  plot  a different  way. 

(Figure  42-10) 

Plotting  the  minimum  end  of  discharge  voltage  at 
the  two  rates,  we  see  that  we  now  ha\e  completed  more  than 
above  10,000  cycles.  This  is  a semiiog  plot.  Deterioration 
is  very  slight,  relative  to  the  amount  of  voltage 
deterioration  we  saw  on  the  conventional  low  earth  orbit 
cycle . 


Let's  look  at  pressure. 

(Figure  42-11) 

Pressure  is  an  indicator  of  nickel-hydrogen  state 
of  charge,  and  if  you  look  at  that  Vu-qreph  over  there  and 
this  pressure  data  here  you  essentially  have  the  same  curve. 

So  there  is  a theoretical  curve  and  here  is  an 
actual  curve  of  pressure,  so  the  pressure  accurately  tracks 
the  state  of  charge. 

This  time  I went  back  to  the  first  cycle  after  the 
15th,  and  we  essentially  go  back  to  the  same  state  of  charge 
that  we  started  with  on  the  first  cycle.  That's  the  end  of 
charge.  And  the  same  end-of-discharce  pressure  as  we  began 
initially,  so  we're  returning  the  cells  to  the  same  state  of 
charge  at  the  end  of  each  day,  at  the  end  of  each  15-cycle 
day. 

(Figure  42-12) 
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Now  here-'s  the  same  data.  This  was  at  the  end  of 
1,500  cycles.  This  is  the  end  of  10,500  cycles,  9,000 
cycles  later,  and  the  cell  pressure  essentially  behaving  the 
same  way.  The  cell  has  not  increased  the  state  of  charge  or 
has  not  gained  any  hydrogen  pressure  nor  has  it  lost  any. 

I will  superimpose  the  1 00th  day  pressure  data 
over  the  700th  day  pressure  data. 

As  you  can  see,  except  for  minor  differences 
because  we  don't  have  absolute  control  of  the  current  and 
there  are  slight  variations,  it  coincides  very  well. 

(Figure  42-13) 

Some  tentative  conclusions* 

Let  me  say  I had  other  cells  on  these  tests.  I'm 
not  ready  to  discuss  this  yet.  I Just  reduced  this  data 
about  a week  ago  in  this  particular  fashion,  but  the 
conclusion  I want  to  discuss  now  is  tentative  and  based  only 
on  what  I described  here  today. 

Based  on  these  results  I would  have  to  say  that 
under  routine,  conventional  LEO  application,  the  first 
generation  Hughes  cells  indicate  a life  of  Just  a little  bit 
more  than  one  year  at  temperatures  of  5 to  10  degrees  and 
temperatures  of  15  to  20.  Howard  (Hcgers  of  Hughes)  is 
looking  at  me,  but  I'm  saying  based  on  these  results. 

The  daily  energy  balance  treatment  has 
significantly  prolonged  the  cell  life  and  has  resulted  in 
signficant  improvement  in  performance. 

The  daily  energy  balance-peak  power  load 
application  for  nickel-hydrogen  cells  of  this  type  has  been 
shown  feasible  for  two  years  and  beyond.  I have  some  cells 
that  have  gone  as  long  as  four  years  and  are  still  running. 

DISCUSSION 

MILDEN  (Aerospace)*  Have  you  taken  the  two  apart 
that  have  failed? 

RITTERMAN*  No,  I have  not,  but  I intend  to. 
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MUELLER  (McDonnell-Dougles )s  I notice  that  you 
don-'t  see  any  pressure  buildup  whatsoever  on  your  daily 
energy  balance  test.  Do  you  feel  thet-'s  a function  of  the 
Zircar  separator,  or  is  it  a function  of  the  charge  regime, 
or  what  do  you  attribute  that  to? 

RITTERMAN*  It-'s  probably  a function  of  the  charge 
regime.  I haven-'.t  shown  all  the  date.  I have  some  asbestos 
ceils  made  by  another  manufacturer  that  underwent  this  test 
and  they  behaved  essentially  the  same  way. 

MUELLER*  Thank  you. 

ROGERS  (Hughes  Aircraft)*  For  what  it  may  be 
worth,  we-'ve  cycled  cells  with  different  positive 
electrodes,  in  this  case  Air  Force  process,  and  I've  seen 
pressure  build  up  over  many,  many  cycles  at  80  percent  depth 
of  discharge,  as  many  as  6,000-plus  cycles. 

RITTERMAN*  I don't  deny  that  there  is  pressure 
buildup  on  your  ordinary  low-earth-orbit  cycling.  In  fact  I've 
shown  it.  Where  I say  there  is  no  pressure  buildup  and  no 
deterioration  is  on  the  daily  energy  balance  type  of  cycling 
where  we  limit  the  number  of  overcharges. 

DYER  (Bell  Labs)*  Could  you  show  us  your  dally 
charging  regime,  please,  again? 

(Slide.) 

RITTERMAN*  This  is  one.  1 think  you're  talking 
about  the  little  picture. 

DYER*  Yes.  There  were  15  cycles  I believe. 

RITTERMAN*  Yes. 

DYER*  I can't  read  the  currents  on  the  right  hand 

very  well. 

RITTERMAN*  That's  why  I wanted  to  show  the  other 

one. 


The  currents  are  69.2  for  the  pulse  rate,  9.2  for 
the  basic  rate,  17.2  amperes  for  the  charge. 
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DYER*  Okay 


What-'s  the  sequence?  Can  you  remind  me  of  the 
sequence  in  which  these  occur? 

RITTERMAN*  Okay.  Beginning  with  charging,  we 
charge  the  cells  for — Well,  actually  we  begin  with 
discharge  so  we  start  out  with  Cycle  1 with  a fully-charged 
cell,  so  we  discharge  at  69,2  amps  for  X minutes.  Then  we 
discharge  for  9.2  amps  for  36  minus  X minutes.  And  then  we 
charge  for  17.2  amperes  for  58  minutes.  That^s  the  same 
throughout  the  entire  test. 

DYER*  Thank  you. 
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\ 

THREE  HICKEL  HYDRKEN  CELLS  HAtlUPACTURED  BY  HUGHES  WERE 
PURNISHED  TO  TRW  POR  EVALUATION  BY  THE  U.S.  AIR  PORCE  AS 
PART  OF  THEIR  NICKEL  HYDROGEN  CELL  DEVELOPMENT  PROGRAM 

t 50  Ah  rated  capacity 

• pineapple  slice  shaped  electrodes 

• RECIRCULATING  STACK  DESIGN 

• SEPARATOR  EXTENDING  BEYOND  STACK  TO  CELL  WALL 

• AQUEOUS  SOLUTION  ELECTROCHEMICALLY  IMPREGNATED  POSITIVES 
t 2 CELLS  - ASBESTOS  SEPARATOR)  1 CELL  ZIRCAR  SEPARATOR 

V 

J 

Figure  42-1 
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COflVENTIONAL  LOW  EARTH  ORBIT  TEST 


I 


TWO  ASBESTOS  SEPARATOR  CELLS 
M 5 TO  10‘C 
10  TO  15*C 
90  niNUTE  ORBIT 
••  50  A DISCHARGE  RATE 
M 502  DOD 

••  1,03  RECHARGE  RATIO 
DATA 

M EHD  OP  CHARGE/DISCHARGE  VOLTAGE 
••  EHD  OP  CHARGE/DISCHARGE  PRESSURE 


KUNBER  OP  CYCLES 


Figure  42-2 


Figure  42-3 
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Figure  42-8 
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tNO  OF  CHMtGCXNO  OF  OISCHUlCt  COl  PKSSURC 


BASED  ON  THE  RESULTS  OF  THE  CONVENTIONAL  AND  DAILY  ENERGY  BALANCE 
WITH  THESE  THREE  AIR  FORCE  DESIGN  CELLS  IT  HAY  BE  CONCLUDED  THAT: 


• THE  LIFE  OF  THE  FIRST  GENERATION  OF  HUGHES  ADVANCED 
DEVELOPMENT  CELLS  IN  CONVENTIONAL  LEO  APPLICATION  AT 
50Z  DEPTH  APPEARS  TO  BE  A LITTLE  MORE  THAN  1 YEAR. 


* DAILY  ENERGY  BALANCE  THREAT, HENT  SIGNIFICANTLY  PROLONGS 
CELL  LIFE  AND  I.HPROVES  PERFORMANCE 


• DAILY  ENERGY  BALANCE-PEAK  POWER  LOAD  APPLICATION  HAS 
BEEN  SHOWN  FEASIBLE  FOR  2 YEARS  AND  BEYOND 


Figure  42-13 
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SOME  PROPERTIES  OF  Ni  H2  CELLS 
H.  H.  Rogers 
Hughes  Aircraft 

The  title  is  a little  misleading.  What  I*m  really 
going  to  be  reporting  on  is  a number  of  different  tests  on  a 
flight  type  cell. 

(Figure  43-1) 

The  cell  which  l-'ll  be  talking  about  is 
essentially  a 25  ampere-'hour  lightweight  cell,  and  I'll  be 
describing  it  in  a little  more  detail  later. 


The  temperature  was  measured  at  the  cell  flange, 
and  in  this  test  we  charged  the  cell  to  rollover  at  .75  C 
rate  at  40  degrees  Centigrade  for  the  first  temperature. 

Then  it  was  trickle  charged  at  C/80  for  the  next  40  minutes. 
At  that  point  we  took  a voltage  reading.  Then  we  charged 
at  .75  C for  ten  seconds.  The  ten  seconds  was  simply 
arbitrary  to  get  a stable  — momentarily,  at  least,  stable 
--  voltage.  We  recorded  the  voltage  and  then  went  ahead  and 
did  the  same  thing  at  30  degrees,  20  degrees,  ten  degrees 
and  zero  degrees. 


(Figure  43-2.) 

This  vu-graph  shows  the  plot  of  the  results. 

The  C/80  work  gave  an  absolutely  straight  line' 
from  40  to  zero  degrees.  And  interestingly  enough,  that 
slope  — and  I noticed  on  the  vu-graph  that  was  shown 
previously,  which  I think  was  for  nickel-cadmium,  gave,  if  I 
remember  correctly,  -2.33  millivolts  per  degree  C.  This  one 
for  nickel  hydrogen  gives  a value  that  woula  almost  be 
within  the  experimental  error. 

At  a higher  rate  you  get  a somewhat  different 
slope  which  changes,  and  .1  think  what  we're  doing  is  seeing 
the  effects  of  resistance  and  polarization  generally  in  the 
ceJl. 
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(Figure  43-3) 

The  next  thing  we  did  was  to  look,  again  with  the 
same  cell,  at  cell  voltage  as  a function  of  charge  rate  at 
full  charge.  Km  basically,  defining  full  charge  here  as 
that  charge  which  is  accepted  at  C/10  at  around  room 
temperature.  So  to  start  this  work  we  charoed  at  C/10  until 
we  get  a stable  voltage,  and  .then  went  at  C/10  to  the  next 
level,  to  the  next  level  and  to  the  next  level. 

The  cell  flange  temperature  in  this  test  ranged  up 
to  as  high  as  28  degrees  initially  due  to  the  C/10 
overcharge.  But  the  voltages  which  you-'ll  be  seeing  were 
corrected  using  the  previous  curve  to  22  degrees  Centigrade. 

(Figure  43-4) 

The  C/10  plot  as  you  may  notice,  looks  like  the 
usual-  end  of  a C/10  charge.  We  then  dropped  to  a 
C/20  rate  and  got  the  somewhat  peculiar  looking  curve  you 
see.  Then  the  next  one  went  to  C/40. 

(Figure  43-5) 

In  this  vu-graph  you  see  the  result  at  C/80.  We^re 
actually  able  to  hold  a charge  at  those  trickle  charoe 
rates.  But  at  C/160  we  could  not  maintain  a full  charge. 

Now  Km  sure  that  the  cell  voltage  would  stabilize  at  a 
lower  state  of  charge,  but  we  didn^t  continue  the  charge. 

(Figure  43-6) 

Next  we  looked  at  the  recombination  of  oxygen  at  a 
low  temperature  where  naturally  there  is  a concern  iji  nickel 
hydrogen.  At  a cold  temperature  you  might  get  an  oxygen 
builaup  that  could  be  a cause  for  concern.  So  we  did  the 
actual  experiment  using  the  same  cell  again,  charging  at  C/2 
for  15  minutes  past  voltage  rollover,  that  is  what  we  at 
Hughes  do  as  a standard  oxygen  test  to  determine  the 
performance  of  the  cell  under  high  rete  overcharge 
conditions . 


We  found  at  -25  degrees 
of  0.19  percent.  Now  normally  at 
get  between  .10  and  .15  percent, 
seeing  is  a small  change  due  to  a 


C an  oxygen  concentration 
near  room  temperature  we 
But  I think  all  you're 
change  in  the  diffusion 
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rate  of  oxygen  probably  through  an  electrolyte  layer  on  the 
negative  electrode.  In  any  case  it's  well  below  any  limit 
that  would  give  us  any  kind  of  concern.  So  we  obviously  can 
conclude  that  the  hydrogen  electrode  works  extremely  well  at 
temperatures  as  low  as  -25  degrees  C,  and  probably  lower. 

(Figure  43-7) 

I wiJl  try  to  be  as  clear  as  I can  on  this  one. 
It's  a rather  confusing  test.  The  cell,  which  I'll  describe 
now,  since  it  becomes  of  major  significance  in  this  test,  is 
a flight  type  cell  except  it  was  equipped  with  a valve  and  a 
gauge  because  we  did  have  to  change  the  gas  in  it.  The 
positives  were  Eagle-Picher  — Dave  Pickett's  Air  Force 

process.  The  separator  was  our  usual  ZircarOcnit  type).  The 
negatives  were  also  our  etched  nickel-platinum-teflon 
negative,  originally  developed  at  EIC.  The  gas  screen  was 
polypropylene.  This  is  a recirculating-design  cell  using 
the  plasma-sprayed  zirconia  wallwick. 

The  procedure  was  to  do  16  conditioning  cycles  at 
a 1.1  to  1 in  a low  earth  orbit,  and  then  to  do  a capacity 
test  at  a C/10  charge.  A C-rate  discharge  was  done  to  one 
volt  and  C/2  rate  following  that  to  one  volt. 

(Figure  43-8) 

We  then  did  a series  of  capacity  tests.  The  first 
one  was  to  establish  the  performance  of  the  cell,  in  this 
case  giving  20  ampere-hours.  We  then  put  in  eight  psi  of 
nitrogen,  a little  more  hydrogen,  and  .then  ran  a capacity 
test  again  and  found  no  significant  difference.  We  then  put 
in  50  psi  of  nitrogen  and  still  no  effect. 

At  that  point  we  charged  the  cell  at  C/2  to  ten 
ampere-hours,  evacuated  all  the  gas  out  of  the  cell,  and 
then  put  in  the  65  pounds  of  nitrogen  and  no  precharge  of 
hydrogen,  just  letting  the  cell  discharge  the  hydrogen 
normally.  At  -that  point  our  capacity  dropped  to  12.2 
ampere-hours,  so  we  were  s.eeing  an  effect. 

(Figure  43-9) 

We  concluded  from  this  test  that  a very  large 
amount  of  nitrogen  is  needed  to  affect  the  performance,  in 
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this  case  40  percent  at  C rate.  Probably  the  most  important 
observation  is  that  if  you  had  a cell  which  had  a leak  in 
manufacture  originally  and  you  filled  it  completely  with  air 
at  one  atmosphere  you  wouldn-'t  see  the  effect  In 
performance. 

(Figure  43-10) 

The  next  thing  we  looked  at  was  cell  reversal 
under  negative-limited  conditions*  which*  of  course*  is  not 
the  usual  way  of  operating  a nickel-hydrogen  cell. 

He  used  a boiler  plate  cell  in  this  case  with  six 
positives*  the  same  type  of  electrodes  as  I previously 
described.  We  did  a capacity  test  with  e C rate  charge*  1 .4 
C discharge*  and  ran  12  cycles  of  whet  we  call  a 
cycling  capacity  test  at  a C/D  ratio  1.1  to  1*  which  wi]l 
build  up  the  capacity.  A final  discharge  to  one  volt 
resulted  in  a capacity  of  seven  ampere-hours. 

The  initial  test  was  done  under  positive-limited 
conditions.  We  discharged  the  cell  et  .73  C for  30  minutes 
past  2ero  volts*  to  e negative  190  millivolts.  And  that-'s 
very  much  the  normal  performance  for  a nickel-hydrogen  cell. 

(Figure  43-11) 

Now  to  get  what  we  refer  tc  as  negative-limited 
reversal*  we  charge  the  cell  to  rollover*  bleed  off  30 
percent  of  the  hydrogen  in  the  cell  end  then  discharge  at 
the  same  rate  for  five  minutes  past  reversal*  an  end  of 
cischarge  voltage  of  a -.36  volt. 

We  then  refilled  the  cell  with  hydrogen*  did  the 
cycling  capacity  test  and  got  7.3  ampere-hours. 

We  then  repeated  the  same  sequence  with  60  percent 
of  the  hydrogen  removed*  and  again  ceme  out  with  a very 
similar  result  with  no  effect  whatsoever  on  capacity. 

□n  disassembly  of  the  cell  we  found  no  observable 
oamace  to  the  components. 

One  comment  on  that  voltage*  Whet  you're  seeing 
here  in  these  cases  is  basically  an  oxygen  cell  as  opposed 
to  the  hydrogen  cell  in  normal  reversal. 
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Thank  you. 


RITTERMAN  (TRy*^)*  It^s  much,  much  easier  to  ask 
questions  than  to  answer  them. 

I don-'t  think  you  are  seeing  an  oxygen-oxygen 
cell.  What  you-'re  seeing  is  an  oxygen  evolution  off  your 
hydrogen  electrode  and  you-'re  seeing  discharge  of  nickel 
hydroxide,,  whereas  if  you  have  a normal  reversal  you  get"  a 
hydrogen-hydrogen  cell. 

ROGERS*  Let-'s  see.  That  will  be  hard  to  see, 
Paul,  because  I believe  that  potential  is  about  the  same. 

RITTERMAN*  Yes.  The  thine  is  you  have  stated 
that  you  bled  off  some  hydrogen.  You  made  the  cell 
negative-limited.  So  therefore  you  have  some  positive 
capacity  left  when  you're  gassing  oxygen  off  the  hydrogen 
el ectrode. 


ROGERS*  You're  right.  All  I'm  saying  is  if  you 
didn't  have  that  situation  where  you're  generating  oxygen  it 
should  be  about  the  same,  if  it's  catalytic. 

RITTERMAN*  Right. 

GASTON  (RCA)*  Howard,  you  mentioned  a lightweight 
25  amp-hour  cell.  What  makes  it  lightweight  and  how  does  it 
differ  from  the  standard  25  amp-hour  cell? 

ROGERS*  Well,  our  standard  boiler  plate  weighs  22 
pounds,  roughly.  And  this  one  is  — actually  it's  an 
Inconel  7] 8 case,  normal  construction  for  the  lightweight 
cell  as  opposed  to  a boiler  plate  design.  The  only  thing 
different  was  we  put  a valve  and  a pressure  gauge  on  it  so 
that  we  could  tell  what  was  going  on,  and  .then  we're  capable 
of  refilling  with  gas  if  we  wanted  to.  Otherwise  it  was 
exactly  the  same  as  our  normal  flight  cell. 

DYER  (Bell  Labs)*  When  you  introduced  nitrogen 
into  a cell  and  you  saw  low  capacities,  what  was  happening 
in  fact?  Were  you  getting  a softening  of  the  knee?  Was  it, 
in  other  words,  indicating  some  kind  of  diffusion 
limitation?  Is  that  what  gave  you  the  low  capacity?  Can 
you  remember  the  voltage  time  charge  on  discharge  when  you 
had  a lot  of  nitrogen  there.? 
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ROGERSi  I really  dorv't. 

Do  you,  Steve? 

STADNICK  (Hughes)*  It  was  very  steep  at  high 
rates,  as  you  would  expect,  and  as  you  became  rate-limited 
you  Just  couldn't  find  enough  hydrogen  to  discharge. 

DYER*  You  just  ran  out  of  hydrogen?  Is  that  what 
it  was?  I thought  I saw  an  end  of  discharge  pressure  of 
hydrogen  there. 

ROGERS*  You  did.  But  what  we  probably  did  — I 
would  say  Steve  is  undoubtedly  correct  in  what  he  said  — it 
was  that  probably  we  ran  out  of  hydrogen  in  the  vicinity  of 
the  electrode  because  some  other  experiments  which  I didn't 
show  indicated  that  there  was  a time  factor.  If  you  let  the 
cell  stand  you  can  pick  up  I think  as  much  if  I remember 
right  — as  much  as  a half  to  an  ampere-hour,  which  would 
indicate  a diffusion  mechanism. 


DYER*  One  other  question. 

You  seem  to  indicate  I think  that  state  of  charge 
could  be  indicated  by  the  potential  of  the  cell.  You  showed 
C/bO  maintaining  the  state  of  charge  while  C/160  did  not. 
Kiere  you  trying  to  imply  that  by  stabilization  of  the 
voltage  you  can  maintain  full  capacity? 

ROGERS*  1 want  to  make  sure  I understand  the 
question.  I think  we're  maintaining  full  capacity  of  the 
cell  at  those  trickle  charge  rates.  I don't  mean  that  you 
can  use  the  voltage  to  determine  the  state  of  charge. 

DYER*  Okay.  But  you're  not  changing  the  state  of 
charge?  you're  saying  if  you  don't  have  any  change  in  the 
potential  of  the  cell  it's.... 

ROGERS*  Yes.  And  while  I didn't  show  it,  the 
pressure  gauge  said  the  same  thing. 

DYER*  Oh.  Okay.  The  pressure  gauge  was  steady. 

ROGERS*  I should  have  mentioned  that. 
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DYER*  Okay.  That's  important. 

RITTERMAN  (TRW)*  Just  to  clear  up  a few  loose 
ends  on  that  oxygen,  nickel-oxygen-hydrogen  situation,  you 
start  out  with  a nickel-oxygen  cell.  Now  when  the  nickel 
electrode  fails  you've  got  an  oxygen-hydrogen  cell.  So  that 
at  .36  you  must  have  a nickel-oxygen  cell.  You've  never 
going  to  have  an  oxygen-oxygen  cell.  You're  discharging 
— when  the  nickel  electrode  discharges  it  gasses  hydrogen 
when  it's  completely  discharged.  When  it's  completely  charged 
it  gasses  oxygen. 


ROGERS*  Yes. 

RITTERMAN*  So  that  you, would  get  -1.4  after  the 
nickel  electrode  exhausted.  So  when  you're  at  -.36  you've 
cot  to  have  a nickel-oxygen  in  the  system  going. 

ROGERS*  That  sounds  correct.  I haven't  really 
thought  about  it  that  much,  but  that  sounds  right. 

MAURER  (Bell  Labs)*  Two  things* 

On  the  nickel-oxygen  question,  if  you  really  had  a 
nickel-oxygen  cell  you  would  see  a pressure  rise  due  to  the 
oxygen  increase.  Did  you  see  that? 

ROGERS*  I don't  recall. 

MAURER*  The  other  thing  is  that  you  showed  that 
in  a negative-limited  cell  you  got  no  damage  to  the 
components.  But  that  was  negative-limiting  because  the 
hydrogen  pressure  had  gone  away  by  some  means  or  another. 

^ou  could  have  negative-limiting  by  other  methods  and  still 
maintain  hydrogen  pressure  in  the  cell;  for  example,  the 
negative  gets  flooded  or  the  electrooe  connection  gets 
oisturbed  and  then  you  could  have  a dangerous  situation. 

ROGERS*  Let's  see,  could  you  have  a dangerous 

situation? 

MAURER*  Now  you  could  build  up  oxygen  in  the  cell 
ana  in  the  presence  of  hydrogen  which  wasn't  being 
recombined . 
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ROGERS*  If  you  had  a negative  electrode  that 
didn-'t  recombine  oxygen»  yes,  you  could  tend  to  build  up 
oxygen . 


MAURER*  If  it  was  flooded,  for  example,  so  that  it 
couldn^'t  recombine. 

ROGERS*  No,  more  than  if  it  was  flooded.  If  all 
the  negatives  were  flooded  and  almost  completely,  because  it 
doesn't  take,  I think  as  you  noticed,  a lot  of  negative 
electrode  surface  to  recombine  oxygen.  And  you  have  free 
diffusion  of  oxygen  through  a cell,  especially  with  a zircar 
separator  where  there's  Just  nothing  stopping  it.  So  that 
it  would  imply  you  had  to  have  negative  electrodes  with  no 
real  amount  of  surface  activity,  and  that's  a little 
difficult  to  imagine  because  you  can  get  to  the  negative 
from  both  directions.  You'd  have  to  flood  not  Just  the 
backing  but  also  the  active  side  of  the  electrode,  and 
that's  a hard  thinq  to  imagine  short  of  somebody  pouring  a 
box  of  Tide  in  there. 

DUNLOP  (COMSAT)*  Two  comments* 

back  on  that  business  about  the  trickle  charge 
rate,  if  I took  what  you  now  said,  or  — what  I think  you 

said  is  that  at  C/bO  you  were  able  to  maintain  the  cell  in 

the  fully  charged  condition,  and  at  C/120  you  were  not. 

ROGERS*  160. 

DUNLOP*  C/160. 

The  other  thing  that  has  been  discussed  here  a 
little  bit  in  a slightly  different  way*  we  did  have  some 

cells  on  test  a long  time  ago  that  were  running  on  a 

continuous  cycle  basis,  and  I believe  that  one  of  the  cells 
leaked  over  a three-day  weekend  gradually.  We  had  a 
transducer  on  there  that  was  recording  pressure  as  well  as 
currents  and  so  forth.  And  we  did  tend  to  get  into  that 
situation  where  the  hydrogen  leaked  cown,  so  that  it  became 
negative-limited.  So  it  went  down,  you  consumed  the 
hydrogen,  and  you  made  oxygen,  pressure  went  back  up.  When 
you  generated  oxygen  the  limit  went  back  down  and  you 
consumed  the  oxygen  first  and  then  you  generated  hydrogen, 
end  it  cycled  back  and  forth  in  that  mode  for  about  we 
were  running  a three-hour  cycle,  and  I think  over  that 
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weekend  we  put  on  40  or  50  cycles  thet  way 


ROGERS* 

if  1 would  want  to 
DUNLOP* 


It's  an  interesting  test.  I don't  know 
plan  one  like  that. 

We  didn't  plan  it  either. 
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TEMPERATURE  COEFFICIENT  OF  CHARGE 
VOLTAGE 


HUGHES 


25  A-HR  LIGHTWEIGHT  NICKEL-HYDROGEN  CELL 
TEMPERATURE  AT  CELL  FLANGE 
CHARGE  TO  ROLLOVER  AT  0.75  C RATE  AT  40°C 
TRICKLE  CHARGE  C/80  FOR  40  MIN 


CHARGE  0.75  C FOR  10  SEC;  RECORD  VOLTAGE 


repeat  procedure  at  30°,  20°,  10°,  AND  0°C 


Figure  43-1 


STEAOY  STATE  CHARGE  VOLTAGE 


HUGHES : 


Figure  43-2 


25  A-HR  lightweight  CELL 

CELL  VOLTAGE  AS  A FUNCTION  OF  CHARGE  RATE  AT  FULL  CHARGE 
CHARGE  C/10  UNTIL  VOLTAGE  STABILIZES 
REPEAT  AT  C/40,  C/80,  AND  C/160 

CELL  FLANGE  TEMPERATURE  RANGE  FROM  22°  TO  28°C  (AT  C/10) 


STEAOY  STATE  CHARGE  VOLTAGE 

AT  22°C 

HUGHES 

ALL  VOLTAGES  CORRECTED  TO  22°C  (COEFFICIENT  - 2.44  mV/°C) 


Figure  43-3 


ELAPSED  TIME,  HOURS  AT  EACH  CHARGE  RATE 


Figure  43-4 
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CELL  POTENTIAL.  VOLTS 


STEADY  STATE  CHARGE  VOLTAGE 
AT  22®C  (CONT) 


HUGHES ! 


Figure  43-5 


LOW  TEMPERATURE  OXYGEN 
RECOMBINATION 


i HUGHES  ! 


STANDARD  OXYGEN  RECOMBINATION  TEST 
25  A-HR  LIGHTWEIGHT  CELL 
CHARGE  C/2  15  MIN  PAST  VOLTAGE  ROLLOVER 
OXYGEN  CONCENTRATION  0.19%  AT  -25®C 
0.10  TO  0.15%  AT  20®C 

ABILITY  OF  Oj  ELECTRODE  TO  RECOMBINE  OXYGEN 
UNIMPAIRED  AT -25°C 


Figure  43-6 


TOLERANCE  OF  A NICKEL-HYDROGEN 
CELL  TO  INERT  GAS 


CELL 

• FLIGHT  TYPE  WITH  VALVE  AND  GAGE 

• POSITIVES -EAGLE-PICHER-AF  PROCESS 

• SEPARATOR  - ZIRCAR  ZYK-15 

• NEGATIVES  - HUGHES  ETCHED  Nl  + Pt/TFE 

• GAS  SCREEN  - POLYPROPYLENE 

• RECIRCULATING  DESIGN  WITH  ZIRCONIA  WALL  WICK 

PROCEDURE 

• 16  CONDITIONING  CYCLES  C/D  - 1.1:1, 18  A-HR  DISCHARGE  LEO 

• CAPACITY  TEST 

• C/10  CHARGE 

• C/1  TO  1.0  VOLT 

• C/2  TO  1.0  VOLT 

Figure  43-7 


I HUGHES  I 


CAPACITY  TEST  DATA 


HUGHES 


TEST 

NO. 

EOCP 

PSIA 

c/1 

A-HR 

EODP 

A-HR 

c/2 

A-MR 

EODP 

PSIA 

PRECHARGE 

H2 

PSIA 

N2 

PSIA 

1 

435 

20.2 

1.90 

0.78 

185 

65 

0 

2 

465 

19.6 

205 

0.42 

185 

75 

8 

3 

475 

19.7 

215 

0.46 

210 

65 

50 

CHARGE  C/2- 

- 10  A-HR  AND  EVACUATE  GAS 

4 

295 

12.2 

165 

1.35 

115 

0 

65 

Figure  43-8 
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SUMMARY  AND  CONCLUSIONS  I [ hugh^  j 


ONLY  LARGE  AMOUNT  OF  N2  AFFECTS  PERFORMANCE 
40%  N2  REQUIRED  AT  "C"  RATE 


NO  OBSERVABLE  EFFECT  AT  23%  N,,  EQUIVALENT  TO 
AIR  PRECHARGE  AT  1 ATM 

Figure  43-9 


CELL  REVERSAL  UNDER 
NEGATIVE-LIMITED  CONDITIONS 


I HUGHES  ! 


DETERMINE  EFFECTS  OF  OXYGEN  GENERATION  AT  HYDROGEN 
ELECTRODE  ON  STACK  COMPONENTS 


BOILERPLATE  CELL,  6 POSITIVES 

CAPACITY,  "C"  RATE  CHARGE,  1.4  C DISCHARGE,  12  CYCLES, 

1.10:1  RATIO,  FINAL  DISCHARGE  TO  1.0  VOLTS,  7.00  A-HR 

INITIAL  TEST  UNDER  POSITIVE-LIMITED  CONdlTIONS 

CHARGE  "C"  RATE  TO  ROLLOVER 

DISCHARGE  0.73  C FOR  30  MINUTES  PAST  REVERSAL, 

EODV  = 0,19  VOLTS 

Figure  43-10 

NEGATIVE-LIMITED  REVERSAL  I [ j 


CHARGE  "C"  RATE  TO  ROLLOVER 

BLEED  OFF  30%  OF  HYDROGEN 

DISCHARGE  0.73  C FOR  5 MINUTES  PAST  REVERSAL. 

EODV" -0.36  VOLTS 

cycling  capacity  test,  7.27  A-HR 

REPEAT,  60%  OF  HYDROGEN  REMOVED 

EODV  " -0.33  VOLTS,  CAPACITY  7.33  A-HR 

DISASSEMBLY  - NO  OBSERVABLE  DAMAGE  TO  COMPONENTS 

Figure  43-11 
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NICKEL-HYDROGEN  FLlGHl  FiELA\ 

AND  CELL  SHORTING  TEST 
S.  Stadnlck 
Hughes  Aircraft 

(Figure  44-1) 

Basically  what  I'm  going  to  talk  about  is  the 
relay  that  we  used  on  a standard  flight  configuration  of 
Hughes'  nickel-hydrogen  cells.  This  relay  is  used  in  the 
event  of  an  open  circuit  cell. 

Now  we've  hypothesized  but  never  seen  that  you  can 
have  a nickel-hydrogen  cell  which,  in  the  flight 
configuration  of , a spacecraft,  will  develop  a leak  in  the 
case.  The  cell  would  evaporate  its  electrolyte.  The 
hydrogen  would  disappear  and  the  cell  would  become 
open-circuited.  At  that  point  we  would  close  the  relay,  and 
short-circuit  around  the  cell. 

We  designed  very  carefully  our  electronic 
activation  system,  and  tested  our  relays  so  that  under  no 
possible  circumstances  could  the  relay  close  on  a 
fully-charged  cell. 

The  immediate  question  that  everyone  asks  is, 
•'Well,  what  if  it  did,  even  though  we  have  designed  it  so 
that  it  cannot  possibly  happen.-" 

We  ran  the  test,  and  basically  took  a fully 
charged  nickel-hydrogen  cell,  put  in  our  flight 
configuration  wiring,  our  flight  configuration  relay,  and 
then  closed  the  relay.  We  measured  cell  voltage,  current, 
pressure,  and  recorded  all  of  the  data. 

We  also  had  four  thermocouples  on  the  terminal 
where  we  have  a screw  type  attachment  threaded  onto 
silver-plated  copper  lugs.  We  put  a thermocouple  on  the 
dome  of  the  cell,  another  thermocouple  on  the  thermal 
flange. 

(Figure  44-2) 
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Just  discussing  the  test  conditions,  we  basically 
use  three  sets  of  contacts  on  the  relay  and  wire  them  in 
parallel.  Each  set  of  contacts  is  rated  at  25  amps.  And  we 
used  wiring  which  approximated  our  flight  wiring.  We 
measured  the  current  with  a DC  amp  meter. 

Immediately  prior  to  the  test  we  measured  the 
capacity  of  the  cell  since  we  also  wanted  to  find  out  what 
happened  to  the  cell,  not  only  to  the  wiring  and  the  relays. 
We  did  a standard  capacity  test  for  the  nickel-hydrogen 
cell . 


Immediately  prior  to  the  short  test  we  charged  the 
cell  with  a 25  amp-hour  charge  to  full  charge,  and  turned  on 
the  relay. 


(Figure  44-3) 

I'm  not  going  to  tell  you  what  happeneo  yet 
because  we  have  one  more  Vu-graph  which  shows  us  our  relay 
contact  resistance  as  we  measured  it  prior  to  the  test, 
including  the  wire  resistance.  This  is  typidal  intercell 
wiring  through  the  relay,  and  our  total  current  path 
resistance  is  as  it  exists  on  the  spacecraft. 

(Figure  44-4) 

Now  here  are  the  results. 

Basically  it's  a little  hard  to  see  on  here,  but 
the  important  point,  and  the  first  one  that  everyone  asks  is 
what  happens  to  the  pressure  in  the  nickel-hydrogen  cell 
when  you  are  discharging  it  at  an  8 C.  rate,  which  is  what 
happened?  The  pressure  decreased  linearly  as  we  would  have 
expected.  There  was  no  maintenance  or  increase  in  pressure 
whatsoever.  The  cell  terminal  voltage  remained 
approximately  constant  at  a little  more  than  one  volt,  which 
was  fairly  phenomenal  for  an  8 C.  discharge. 

Our  current  maintained  itself  at  approximately  a 7 
to  .8  C rate  until  we  had  exhausted  some  80  percent  of  the 
total  capacity  within  the  cell.  And  then  the  voltage 
cropped  down  to  complete  the  discharge.  We  discharged  the 
ceil  ell  the  way  to  zero  volts. 
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(Figure  44-5) 


In  terms  of  the  temperatures  that  were  reached  in 
the  various  components » the  relay  case  temperature  as  you 
can  see  went  up  to  160  or  so  degrees  Centigrade.  The  cell 
delivered  approximately  three  times  es  much  current  through 
it  as  it  was  rated  for. 

(Figure  44-6) 

We  did  a capacity  test  on  the  nickel-hydrogen  cell 
and  it  had  the  same  capacity  after  the  test  as  before  the 
test,  and  apparently  suffered  no  ill  effects  whatsoever  from 
its  high  rate  discharge. 

DISCUSSION 

KUNIGAHALLI  (Bowie  State  College)*  In  the 
discharge  curve  .1  see  a plateau.  Could  you  please  put  on 
that  Vu-graph? 

(Figure  44-4) 

On  the  right-hand  side  you  see  the  voltage,  and 
the  discharge  curve  is  not — There's  a knee  and  a plateau. 
Can  you  account  for  that? 


STADNICK*  Usually  we  account  for  that  by  calling 
it  trapped  or  chemi-absorbed  oxygen.  The  sharpness  of  this 
knee  in  here  is  artistic  license  from  our  graphics 
department.  The  real  curve  didn't  look  sharp  like  that. 

KUNIGAHALLI*  You  mean  to  say  the  oxygen  absorbed 
on  the  positive  electrode? 

STADNICK*  It  absorbed  on  the  positive  electrode. 
At  a cell  voltage  below  1 volt,  somewhere  around  .8,  .7 
volts  it  will  be  recombined  and  will  be  usable  but 
inefficient  capacity.  And  you'll  see  that  on  any 
nickel-hydrogen  cell  discharged  through  the  approximate  .8 
volt  range. 


KUNIGAHALLI*  Thank  you. 

STEINHAUER  (Hughes)*  I assume  that  wasn't  a GEO  5 
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reiay.  Are  you  really  proposing  the  use  of  relays  for 
flight  as  opposed  to  diodes,  and  could  you  comment? 

STADNICK*  We  are  using  relays  for  flight  as 
opposed  to  diodes.  The  diode  has  a temperature  delta  which 
typically  has  been  high.  Just  due  to  its  resistive  loss  it 
generates  too  much  heat  in  one  particular  area  of  our 
spacecraft.  In  the  event  that  we  would  have  to  run  current 
through  it,  we  chose  to  use  a relay  instead  of  a diode. 

MAURER  (Bell  Labs) : Would  you  expect  temperatures 

to  be  any  different  if  you  had  done  this  in  a vacuum? 

STADNICK*  Not  very  greatly  different.  There 
might  be  some  minor  differences  but  the  thermal  sinking  that 
we  oid,  we  tried  to  make  it  as  close  as  could  be  to  normal 
spacecraft  conditions,  and  the  convection  and  conduction  to 
the  air  I feel  is  fairly  small  during  the  five-minute 
discharge.  .1  don^t  think  it  would  be  much  different. 

DYER  (Bell  Labs)*  Clearly  the  secondary  plateau 
there  is  because  your  current  is  not  constant  during  this 
discharge.  You  show  indeed  a plateau  in  the  current  as 
well.  Isn't  that  simply  reflecting  the  discharge  rate,  the 
plateau  on  the  cell  terminal  voltage? 

STADNICK*  I think  it's  the  other  way  around.  The 
current  is  reflecting  the  drop  in  the  voltage  of  the  cell. 
This  is  through  a constant  approximate  resistance. 

ROGERS  (Hughes)*  Perhaps  maybe  I can  explain  that 
a little  more. 

This  is  not,  as  is  typical  with  most  of  the  test 
work  in  nickel-hydrogen  or  nickel-cadmium  for  that  matter,  a 
constant  current  discharge.  We're  discharging  into  a 
gradually  increasing  resistance  because  of  temperature 
effects  increasing  the  temperature  coefficient  of  copper. 

So  it's  a little  difficult  to  kind  of  define.  If 
you  start  to  try  to  analyze  the  curve  it's  a little 
difficult  because  the  conditions  are  not  as  we  normally  see 
them. 

BETZ  (Naval  Research  Lab)*  A couple  of  questions. 
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If  a relay  were  to  go  like  that  in  orbit  would  you 
be  able  to  unlatch  it  the  other  way? 

STADNICKi  The  relay  would  not  do  this  in  orbiti 
shorting  across  a fully  charged  cell. 

BETZ*  Thank  you. 

STADNICK*  The  relays  are  commandable  either  in 
the  open  or  closed  conditions  at  our  request. 

BETZ*  The  other  question  is  have  you  considered 
the  possibility  of  fusing*  rather  than  taking  that  kind  of 
risk,  just  fusing  the  relay?  Wouldn't  you  rather  lose  the 
protection  circuitry  due  to  an  inadvertent  relay  latch  that 
could  conceivably  happen,  like  an  act  of  God  maybe? 

STADNICK*  We  did  a tradeoff,  debating  whether 
that  was  likely  or  not,  and  of  course  if  you  had  a fused 
cell  and  that  cell  did  indeed  become,  inoperative,  you  now 
have  an  open  circuit. 

BETZ*  If  you  fuse  the  relay? 

STADNICK*  If  you  fuse  the  relay  and  your  cell 
became  an  open  circuit,  you  would  have  an  inoperative 
circuit. 

BETZ*  Okay. 

Could  you  mention  what  kind  of  relay  that  was?  Do 
you  remember  what  that  was  by  any  chance? 

I'll  ask  you  later. 
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STRIP  CHART  RECORDERS 


RELAY  SHORTING  TEST  SCHEMATIC  | [ j 


LIGHTWEIGHT  25  A-HR  NICKEL-HYDROGEN  CELL 
MAGNETIC  LATCH  TYPE  RELAY 

• 3 CONTACTS,  25  AMP  AT  28  VDC  EACH,  CONTINUOUS 
WIRING  - NO.  16  TFE,  7 INCH  PER  LENGTH 

CLIP  ON  DC  AMMETER 

• MODELCG100A,  F.W.  BELLCO. 

CALIBRATION  WITH  SHUNT  - NOT  USED  FOR  TEST 
CAPACITY  TEST 

• 2.5  AMP  CHARGE  - 16  HOURS 

• 12.5  AMP  DISCHARGE  TO  1.0  VOLTS 

• AT  ROOM  TEMPERATURE 
SHORT  TEST 

• 25  AMP  CHARGE  TO  ROLLOVER 

• TURN  ON  RELAY 

Figure  44-2 
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CELL  VOLTAGE  (V) 


ELECTRICAL  TEST  RESULTS 


RELAY  CONTACT  RESISTANCE  2.9  x lO'^  OHMS  EACH 

WIRE  RESISTANCE  - EACH  LENGTH  2.5  x lO'^  OHMS 

TOTAL  CURRENT  PATH  RESISTANCE  2.6  x lO'^  OHMS 
AT  ROOM  TEMPERATURE 


Figure  44-3 


RELAY  SHORTING  TEST  ELECTRICAL 
AND  PRESSURE  DATA 


HUGHES 


CELL  TERMINAL  VOLTA(^*^^V^"  - — — 


LEGEND; 

CELL  PRESSURE 

CELL  TERMINAL  VOLTAGE 

DISCHARGE  CURRENT 


6qI I I I 1 I I I I I I I I I -1-JQ 

0 0.5  1.0  1.5  2.0  3.0  4.0  5.0  6.0  7.0  8.0  9.0  10.0  11.0  12.0 

DISCHARGE  TIME  (MINUTES) 


Figure  44-4 
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CURRENT  (AMPS) 


TEMPERATURE  (°C) 


RELAY  SHORTING  TEST  TEMPERATURE 
DATA 


HUGHES 


Figure  44-5 


TEST  RESULTS 


i HUGHES  : 


SOLDER  ON  RELAY  TERMINALS  FUSED 

TFE  INSULATION  ON  POSITIVE  LEADS  DECOMPOSED  AFTER 
30  SECONDS 

RELAY  STILL  FUNCTIONAL  AFTER  TEST 
NO  EVIDENCE  OF  ANY  CELL  DAMAGE 
NO  LOSS  IN  CAPACITY 

Figure  44-6 
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N1H2  CELL  TEST  UPDATE 
V.  MUELLER 
McDonnell  Douglas 

As  the  title  implies,  this  is  an  update  of  some 
material  I presented  last  year,  where  we  talked  about  our 
testing  through  approximately  3000  cycles.  We^re  now  at 
about  9500  cycles  on  one  cell,  7500  on  the  second  cell!  the 
third  ceil  has  failed. 

These  are  the  three  cells  that  we  have.  They  are 
three  that  were  in  a group  provided  to  us  by  Don  Warnock  of 
the  Air  Force  and  were  contained  in  the  test.  We  intend  to 
continue  until  we  either  run  out  of  money  or  the  cells  fail, 
whichever  occurs  first. 

(Figure  45-1) 

Our  testing  is  done  in  simulated  low  earth  orbit, 
90-minute  cycles,  35  minutes  of  discharge,  55  minutes  of 
charge.  And  ours  is  a conventional  monotonous  discharge 
characteristic,  not  with  a programmed  system. 

The  cells  are  mounted  on  a fixture  which,  in  turn, 
is  cooled  by  a temperature  controlled  coolant  pad,  which 
removes  the  heat  from  the  cells. 

As  I said,  one  cell  failed'. 

We  had  two  cells  with  Zircer  separators,  one  with 
asbestoes.  One  of  the  cells  with  the  Zircar  separator 
failed  after  2500  cycles,  roughly.  And  we  have  done  a 
failure  analysis  on  that  cell. 

We  had  a second  problem  where  we-  developed  a leak 
in  our  external  plumbing.  These  cells  were  provided  with  AN 
fittings  and  valves,  and  we  had  those  connected  into 
pressure  transducers.  We  developed  a leak  in  the  external 
manifolding,  and  lost  pressure  on  a second  cell.  We  have 
since  repressurized  that,  and  we  have  returned  it  to 
cycling. 


(Figure  45-2) 


This  is  simply  a plan  diagram  showing  the  three 
cells  in  the  test  fixture.  The  baseplate  is  l~inch 
aluminum,  and  we  circulate  coolant  around  that  baseplate. 

The  standoffs  are  60  mills  thick  aluminum  alloy.  And  -the 
numbers  refer  to  thermocouples.  We  have  thermocouples 
mounted  on  the  three  ceils,  coolant  inlet  at  the  top  end  and 
outlet  at  the  bottom. 

I might  mention,  also,  those  cells  are  wrapped 
with  fiberglass  insulation,  so  we  have  no  convective 
cooling. 


(Figure  45-3) 

One  of  our  interests  was  to  see  if  we  could  charge 
these  cells  in  the  same  manner  that  we  now  use  in  the  Modular 
Power  Subsystem  for  a nickel-cadmium  cell.  And  so  we  have 
reconstructed  here  Levels  5 through  t of  the  standard  power 
regulator  unit  in  the  MPS.  Because  you  need  slightly 
higher  charge  voltages  for  a nickel-hydrogen  cell,  we  have 
constructed  three  more  levels*  they're  simply  our  own 
invention,  and  they're  just  offset  from  the  three  lower 
levels  at  20  millivolt  separation  between  levels. 

These  VT  levels  are  set  manually  by  the  test 
engineer;  in  other  words,  he  reads  the  temperature  and  sets 
the  voltage  accordingly. 

(Figure  45-4) 

Now  this  is  a typical  performance  cycle  on  our 
Cell  No,  1 , This  has  been  cycled  practically  since  the 
beginning,  at  50  percent  DOD.  We  did  do  500  cycles  at  25 
percent  DOD.  And  this  is  a typical  cycle  after  we  have  done 
the  repressurization.  We  did  have  a pressure  buildup  prior 
to  the  pressure  loss,  and  after  we  repressurized  we  returned 
to  the  initial  pressure,  roughly.  As  you  can  see,  at  50 
percent  DOD  we  charge  at  roughly  50  ampere  constant  current 
until  we  hit  the  voltage  limit,  and  then  we  go  into  a taper 
charge . 


(Figure  45-5) 

This  is  the  same  type  of  information  for  Cell 
No.  2.  This  is  the  one  with  a Zircar  separator.  And  on 
this  one  we  have  seen  a pressure  creep-up.  We're  now  over 
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1000  psi.  I believe  we  started  around  750  or  800,  We're 
currently  operating  at  50  percent  depth  of  discharge*  that's 
what  this  cycle  is.  And  the  initial  charge  here  is  60 
amperes  to  voltage  limit,  and  then  teper  off. 

(Figure  45-6) 

I've  plotted  the  end-of-discharge  voltage  versus 
the  cyclic  history  for  Cell  No.  1,  and  we're  currently  at 
■7500  cycles,  and  my  last  data  point  is  at  about  7000 
cycles.  I didn't  present  any  data  below  2000  cycles.  You 
can  refer  to  our  presentation  last  year. 

All  of  these  cycles  are  done  at  a nominal 
temperature  of  23  degrees  Centigrade, 

We  started  with  Level  8,  50  percent  depth  of 
discharge.  That  seemed  to  be  a little  too  low,  due  to 
voltage  problems,  and  we  went  to  Level  9,  then,  to  3000 
cycles.  Our  return  factor,  the  ratic  of  ampere-hours  in  to 
ampere-hours  out,  was  rather  high,  and  we  wanted  to  back 
that  off  somewhat.  So  we  lowered  it  to  Level  8-1/2,  an 
artificial  8-1/2,  And  at  a later  time  we  found,  again,  that 
our  return  factors  levels  had  droppec  to  1,04,  so  we  went 
back  to  Level  9,  and  we're  continuing  at  that  level, 

(Figure  45-7) 

This  is  a plot  of  the  ampere-hour  return  factor 
corresponding  to  the  previous  plot.  And,  as  you  can  see, 
we're  now  operating  at  around  1.04, 

(Figure  45-8) 

The  same  information  for  Cell  No,  3.  Cell  No.  3 
we  operated  initially  at  80  percent  oepth  of  discharge 
based  on  50  ampere-hours.  And  we  hac  two  cells  in  series, 
to  begin  with.  One  of  the  cells  has  failed.  And  we  had  a 
problem  with  the  second  cell  reaching  one  volt  cutoff 
voltage  during  cycling.  We  had  to  beck  off  on  the  depth  of 
oischarge.  We  had  backed  off  to  70  percent  depth  of 
discharge  right  around  2000  cycles,  and  we  had  to  back  off 
further  to  60  in  order  to  keep  Cell  2 from  dropping  out  at 
the  low  voltage. 

After  the  one  cell  failed,  we  didn't  change  the 
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aepth  of  discharge,  but  we  did  later*  at  slightly  over  3000 
cycles  we  went  back  to  70  percent  depth  of  discharge.  We 
continued  that  way  for  a while,  and  we  got  into  a problem 
again  with  voltage  level,  end-of-discharge  voltage,  and  we 
went  to  60  percent.  And  we're  now  at  50  percent  depth  of 
discharge . 


Our  cycling  system  has  an  automatic  cutoff*  if  you 
get  below  one  volt  during  discharge,  it  will  turn  itself 
off . 


(Figure  45-9) 

Here  is  the  ampere-hour  return  factor  as  a 
function  of  cycles.  We-'re  now  running  around  1.06.  We  were 
trying  to  get  around  1.08  to  1.12,  which  seemed  to  be  about 
the  best  level. 

(Figure  45-10) 

Here  I've  just  plotted  the  capacity  for  all  three 
cells  since  we've  started.  Cell  No.  2,  the  cell  that 
failed,  is  represented  by  the  little  squares,  and  at  Cycle 
2470  it  failed.  This  was  the  last  capacity  check  before 
failure. 


The  cell  performed  normally  during  our  capacity 
discharge,  but  when  we  tried  to  recharge  after  we  had 
completed  that  cycle  it  would  not  accept  a charge,  and  it 
was  shorted,  exhibited  a shorting  characteristic. 

Ceil  No.  1 , which  is  the  one  with  the  asbestoes 
separator,  held  the  capacity  rather  well  at  the  beginning. 
Ihen  we  had  a rather  severe  dropoff*  I don't  really  know 
why*  and  at  Cycle  6200  is  where  we  had  the  loss  of 
pressure.  And  we  did  two  intermediate  capacity  discharges 
between  Cycles  6000  and  7000,  and  I didn't  plot  them  because 
they  did  appear  to  be  anomalous,  but  I'll  talk  about  those 
later  when  we  talk  about  the  loss  of  pressure. 

Cell  No.  3,  which  is  the  Zircar  separator,  seems 
to  fairly  monotonously  decrease.  We  have  a capacity  now  of 
roughly  30  ampere-hours. 


(Figure  45-11) 


Pm  talking  here  about  the  failure  analysis  we  did 
on  Cell  S/N  133t  or  Cell  No.  2.  As  1 said,  it  failed  after 
2473  cycles,  we  were  doing  capacity  discharge,  everything 
seemed  fine  until  we  tried  to  recharge,  and  it  was  shorted 
at  that  time. 

This  has  a single-layer  Zircar  separator.  When  we 
took  it  apart,  it  looked  very  well*  there  was  no  obvious 
evidence  of  mechanical  short  by  looking  externally  at  the 
stack,  and  we  did  some  voltage  measurements.  The  short 
disappeared  as  soon  as  we  loosened  the  nut  which  compresses 
the  stack.  So  it  was  not  a very  hard  short  at  all. 

When  we  took  the  stack  apart,  we  did  find  two 
areas  that  seemed  to  be  shorted.  We  found  a little  mound  of 
positive  material,  and  we  think  that  caused  the  short. 

l^e  understand  that  Hughes  has  done  some  tests, 
where  they  have  looked  at  positive  material,  and  it  appears 
to  be  non-conductive  for  at  least  1500  cycles.  So  we're 
postulating  that  possibly  this  anomaly  formed  early  and  in 
the  process  of  cycling  was  reduced  to  nickel. 

A third  area  showed  some  damage,  but  it  didn't 
appear  to  be  shorted.  And  we  saw  evidence  of  the  rapid 
recombination  of  oxygen.  We  found  pits  and  burn  holes  in 
the  gas  screens  and  negatives. 

(Figure  45-12) 

This  is  just  a diagram  showing  one  of  the  areas, 
and  1 guess  this  is  the  most  severely  damaged  area.  There 
was  a hole  burned  completely  through  the  gas  screen,  the 
negative  and  the  separator.  The  mound  shown  on  the 
positive  plate  appeared  to  extend  from  the  positive  to  the 
negative.  And  there  was  a small  amount  of  positive  material 
deposited  on  the  Positive  No.  13.  And,  as  I said,  a hole 
completely  through  the  gas  screen,  the  negative  and  the 
separator. 

(Figure  45-13) 

This  is  another  area  where  there  was  a mound  on 
the  positive,  and  there  did  appear  to  be  shortino,  a 
complete  bridge  befween  the  Positive  No.  19  to  the  Negative 
No.  20,  with  a hole  burned  in  the  gas  screen. 


537 


(Figure  45-14) 


This  is  a third  area  that  showed  some  evidence  of 
damage.  Howevert  there  didn-'t  appear  to  be  a complete 
bridge  here;  evidently  some  heat.  There's  a hole  in  the 
separator  and  in  one  of  the  positives. 

(Figure  45-15) 

As  I mentioned  earlier,  we  lost  pressure  in  one  of 
the  cells  due  to  a leak  in  the  external  plumbing.  It 
developed  rather  quickly?  1 don't  really  understand  why.  We 
looked  at  the  pressure-versus-time  plot  for  this  particular 
cycle,  and  we  completely  lost  pressure  in  a space  of  about 
thirty  minutes.  And  on  the  next  cycle  it  caused  an 
undervoltage  shutdown  when  we  discharged. 

We  left  the  cell  in  the  test  set-up  with  the 
internal  pressure  near  zero  for  about  ten  weeks.  Initia]ly 
it  was  open  circuited,  and  then  we  shorted  it  for  another 
three  weeks.  And  I guess  after  this  short  we  tried  an 
initial  attempt  at  repressurization  by  pressurizing  to  50 
psi.  The  pressure  dropped  very  rapidly.  When  we  put  in  50 
psi  it  almost  immediately  fell  to  zero.  And  the  cell 
appeared  hot  to  the  touch.  We  didn't  really  know  what  was 
happening.  We  looked  around  for  a hydrogen  leak,  but  we 
Didn't  fino  any.  We  did  some  additional  leakage  tests  to 
confirm  that  we  did  have  gas  integrity  in  the  cell  and  in  the 
external  plumbing.  Over  a period  of  a number  of  weeks; 
in  fact  we  went  from  early. July  to  about  the  end  of  August; 
periodically  putting  in  50  psi  of  hycrogen,  and  watching  it 
bleed  off,  until  finally  we  reached  roughly  a steady 
condition. 


At  that  time  we  recharged  the  cell  by  charging  at 
5 amps  for  24  hours.  Immediately  after  that  recharge  we  did 
a capacity  check  at  C/2  to  1 volt  per  cell,  and  we  measured 
57-1/2  ampere-hours;  which  was  consioerably  more  than  we  had 
ever  seen.  And  we  can't  account  for  that. 

We  then  thought  we  would  work  a little  easier  for 
at  least  the  first  portion  of  cycling,  so  we  went  to  20 
percent  depth,  and  we  did  93  cycles  at  20  percent  depth, 
after  which  we  measured  the  capacity  again.  At  that  time  we 
measured  3b  ampere-hours.  At  that  time  we  went  to  our 
normal  50  percent  depth  of  discharge  cycling  in  low  earth 
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orbiti  and  after  we  had  completed  an  additional  681  cycles, 
or  at  7000  cycles,  we  measured  29  ampere-hours. 


As  I mentioned,  we  intend  to  keep  on  cycling  these 
cells,  and  we-'re  now  at  about  9500  cycles  on  one  of  the 
cells  and  7500  cycles  on  the  second. 

Thank  you  very  much. 

DISCUSSION 

ROGERS  (Hughes  Aircraft)*  Kll  answer  the  most 
obvious  point  that  you  Just  made  about  that  cell  that  had 
hydrogen  bugs  in  it  that  ate  it,  apperently.  If  all  you  had 
was  a shorted  cell  with  a fully-charged,  or  somewhere  near 
fully-charged  positive,  without  any  hydrogen  in  it  there  was 
no  way  to  discharge.  As  soon  as  you  put  the  hydrogen  in 
it-'s  like  a shorted  cell.  You  know,  with  hydrogen  it  is 
almost  like  that  experiment  that  Steve  talked  about. 

And  so  of  course  it  got  hot,  and  by  adding  it 
incrementally  it  prevented  overheating  and  got  the  positive 
electrode  discharge. 

MUELLER*  I don^t  quite  understand.  Dr.  Rogers. 

The  cell  was  shorted,  you  say? 

ROGERS*  I'm  only  judging  from  what  I saw. 
Apparently  you  had  a shorted  cell,  at  least  at  that  time.  By 
putting  hydrogen  into  a cell  which  had  no  hydrogen  in  it  but 
had  a positive  electrode  which  was  charged,  you  immediately 
discharge  it  through  that  short. 

MUELLER*  I see. 

ROGERS*  So  that  would  continue  until  you  had  the 
positives  completely  discharged. 

In  other  words,  you  had  to  add  the  normal  amount 
of  hydrogen  back  in,  in  effect.  That's  what  it  appears  from 
what  data  I see  there. 

MUELLER*  It  seems  to  be  cycling  normally  now. 

PICKETT  (Hughes  Aircraft)*  Did  you  do  an  analysis 
of  the  material  between  the  plates  which  apparently  caused 
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the  short? 


MUELLER*  No,  we  did  not. 

STOCKEL  (COMSAT)*  Did  you  analyze  the  electrolyte 
in  the  cell? 

MUELLER*  No.  It  was  strictly  a mechanical 
dissection  and  visual  examination. 
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NI  H2  CELL  CYCLIC  TEST  PROGRAM 

0 THREE  CELLS  AUTOMATICALLY  CYCLED  IN  SIMULATED  LOW  EARTH  ORBIT 
(35  MINUTE  DISCHARGE,  55  MINUTE  CHARGE) 

0 CHARGING  IN  VOLTAGE-LIMITED,  TEMPERATURE-COMPENSATED  MODE 

0 TEMPERATURE  CONTROLLED  COOLANT  BATH  REMOVES  HEAT  FROM  CELL  MOUNTING 

fixture' 

0 ONE  CELL  WITH  ZIRCAR  SEPARATOR  FAILED  (SHORTED),  AFTER  2A73  CYCLES 
0 FAILURE  ANALYSIS  PERFORMED  ON  SHORTED  CELL 

0 LEAK  IN  EXTERNAL  PLUMBING  CAUSED  SHUT  DOWN  OF  SECOND  CELL  AT  CYCLE  6229 
0 CELL  REPRESSURIZED  AND  RETURNED  TO  CYCLING 

0 TWO  CELLS  (ONE  WITH  ZIRCAR  AND  ONE  WITH  ASBESTOS  SEPARATOR)  CONTINUE 
TO  CYCLE 

Figure  45-1 


THERMOCOUPLE  LOCATIONS 


VOLTAGE/TEMPERATURE  LEVELS  FOR  CHARGE  CONTROL 


Figure  45-3 


TYPICAL  PERFORMANCE  DATA  - CELL  1 


TYPICAL  PERFORMANCE  DATA  - CELL  3 
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Figure  45-5 


END  OF  DISCHARGE  VOLTAGE  VS  CYCLES  - CELL  1 
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Figure  45-6 
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AMPERE-HOUR  RETURN  FACTOR  VS  CYCLES-CELL  1 


Figure  45-7 


END  OF  DISCHARGE  VOLTAGE  VS  CYCLES  - CELL  3 
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Figure  45-8 


AHPERE-HOUR  RHURN  FACTOR  VS  CYCLES-CELL  3 
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CELL  CAPACITY  VS  CYCLES 
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Figure  45-9 
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Figure  45-10 
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FAILURE  ANALYSIS  OF  NICKEL-HYDROGEN  CELL  S/N  133 


RACKGRQUND; 

0 CELL  FAILED  AFTER  im,  90-HINUTE  CHARGE/DISCHARGE  CYCLES 
0 PRIOR  TO  FAILURE,  CELL  EXHIBITED  LOW  END-OF-DISCHARGE  VOLTAGE  AND 
SIGNIFICANT  CAPACITY  LOSS 

0 DEVELOPED  INTERNAL  SHORT  FOLLOWING  OTHERWISE  NORMAL  CAPACITY  CHECK 

0 single-uyEr  zircar  separator 

ORSERVATlONSi 

0 NO  OBVIOUS  EVIDENCE  OF  MECHANICAL  SHORTS  FROM  EXAMINATION  OF  STACK 
ASSEMBLY 

0 SHORT  DISAPPEARED  WHEN  STACK  COMPRESSION  HAS  RELIEVED 
0 DISASSEMBLY  OF  STACK  REVEALED  TWO  AREAS  WHICH  MAY  HAVE  SHORTED  IF 
HOUND  OF  POSITIVE  MATERIAL  FOUND  IS  CONDUCTIVE 
0 A THIRD  AREA  SHOWED  SOME  DAMAGE,  BUT  DID  NOT  APPEAR  TO  BE  SHORTED 
0 GAS  SCREENS  AND  NEGATIVES  SHOW  TINY  BURN  HOLES  FROM  RAPID  OXYGEN 
RECOMBINATION 

0 TINY  PITS  SEEN  ON  BOTH  SIDES  OF  SOME  POSITIVES 

Figure  45-11 


SIGNIFICANT  ANOMALY  - CELL  2 FAILURE  ANALYSIS 


SIGNIFICANT  ANOMALY  - CELL  2 FAILURE  ANALYSIS 


SCI  IJ-M 


■‘Separator  fragntcnt 
with  positive 
•latcrial  from  Pi  3, 


NOTESi  1.  STACK  ELEMENTS  NUMBERED  CONSECUTIVELY  BEGINNING  AT  HELD  RING  END. 

2.  P-POSITIVE  ELECTRODE,  G-GAS  SCREEN.  N-NEGATIVE  ELECTRODE, 
S-SEPARATOR. 

3.  P13  DENOTES  POSITIVE  ELECTRODE  NO.  13. 


SET  19-20 


N20 


Figure  45-13 


Figure  45-12 


SIGNIFICANT  ANOMALY  - CELL  2 FAILURE  ANALYSIS 


SET  38-39 


NOTE:  POSITIVE  MATERIAL  DID  NOT  APPEAR  TO  EXTEND  TO  NEGATIVE 
ELECTRODE. 


Figure  45-14 
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CELL  PRESSURE  LOSS  AND  RETURN  TO  CYCLING 


0 LEAK  OCCURRED  IN  EXTERNAL  PLUMBING  DURING  CYCLE  6229  WHICH  SUBSEQUENTLY 
CAUSED  UNDERVOLTAGE  SHUTDOWN 

0 CELL  LEFT  IN  TEST  SETUP  WITH  INTERNAL  PRESSURE  NEAR  ZERO  FOR  APPROXIMATELY 
10  WEEKS;  OPEN  CIRCUITED  INITIALLY.  SHORTED  FINAL  3 WEEKS 

0 DURING  INITIAL  AHEMPT  AT  REPRESSURIZATION.  PRESSURE  DROPPED  RAPIDLY 
AND  CELL  WAS  HOT  TO  TOUCH 

0 ADDITIONAL  LEAKAGE  TESTS  PERFORMED  TO  CONFIRM  CELL  AND  EXTERNAL  PLUMBING 
INTEGRITY 

0 SUBSEQUENTLY  INTRODUCED  HYDROGEN  INCREMENTALLY  UNTIL  STABLE  PRESSURE 
RESULTED 

0 REMOVED  SHORT  AND  RECHARGED  AT  5 AMPERES  FOR  24  HOURS 
0 CAPACITY  CHECK  RESULTED  IN  ABNORMALLY  HIGH  CAPACITY  OF  57,5  AMPERE-HOURS 
0 PERFORMED  93.  90-MINUTE  CYCLES  AT  20%  DEPTH  OF  DISCHARGE 
0 CAPACITY  THEN  MEASURED  38.7  AMPERE-HOURS 
0 RETURNED  TO  CYCLING  AT  '50%  DEPTH  OF  DISCHARGE 

0 AFTER  681  ADDED  CYCLES  (7003  TOTAL).  CAPACITY  MEASURED  28.8  AMPERE-HOURS 


Figure  45-15 
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NICKEL  SYSTEM  MANUFACTURING  UPDATE 


L.  Miller 
Eagle  Richer 

I called  Gerry  Halpert  several  weeks  ago  and  I 
said,  "Gerry,  I want  to  speak  at  the  upcoming  B Workshop.^' 

And  he  said,  -"Okay,  but  under  two  conditions. 
First,"  he  said,  -"I  want  you  to  tell  us  something,  not  try 
to  sell  us  something.  And  second,  I want  you  to  be  very 
brief.-" 


Well,  we-'re  going  to  have  a brief  presentation. 

(Laughter. ) 

To  be  consistent  with  a number  of  other  papers 
that  have  been  presented  here  this  afternoon,  the  title  of 
my  paper  also  has  little  to  .do  with  what  l-'m  going  to  talk 
about. 


(Laughter. ) 

I'd  like  to  show  you  some  trend  data  as  it  relates 
to  electrochem-impregnated  positive  electrodes  used  in 
various  battery  systems.  What  I'd  like  to  get  back  from 
this  is  for  someone  else  to  say,  -"Yes,  we  see  this,-"  or  ^'No, 
we  have  not  seen  this.-** 

To  give  you  a little  background,  we've  been  using 
the  eiectrochem  positive  electrode  in  nickel-hydrogen 
probably  for  six  or  seven  years  with  very  good  results, 
primarily  because  of  the  dimensional  stability  and  the  high 
electrical  utilization  of  the  active  material. 

It  would  seem  reasonable  that  you  could  take  the 
same  electrode,  put  them  in  nickel-cad  and  achieve  the  same 
advantages.  Let  me  show  what  we've  seen  when  we've  done 
this . 


(Figure  46-1) 

Again  this  is  Just  basic  trend  data.  We  haven't 
been  into  the  nickel-cad  portion  of  it  long  enough  to  really 


547 


be  definitive.  But  what  .we  see  is  that  in  the 
nickel-hydrogen  you  get  very  good  utilization  in  the  final 
sealed  state  versus  nickel-cadmium. 

I probably  need  to  clarify  this  point.  When  we 
design  a LEO  cell,  we  put  more  electrolyte  Into  it  than  a 
GEO  cell  design.  The  utilization  of  the  electrode  is  going 
down  as  you  go  into  these  lower  electrolyte  systems. 

I could  have  drawn  another  curve  on  there.  If  you 
run  flooded  electric  capacity  tests  for  all  three  of  these 
cells,  you  would  have  a curve  that  would  start  right  here 
(nickel-hydrogen  data  point)  and  come  flat  across  like  this. 

So  apparently  what  we-'re  looking  at  is  an 
electrolyte  sensitivity  associated  with  this  electrode. 

The  X axis  is  not  reaJly  correct.  It^s  correct 
with  respect  to  the  GEO  and  the  LED  .ni-cad  cell  but  then  when 
you  get  up  to  the  nickel-hydrogen  (in  terms  of  absolute 
volume  of  electrolyte  in  the  cell),  it-'s  not  correct.  It 
actually  reverses  direction. 

But  what  I think  it-'s  saying  is  we  should  really 
be  interested  in  the  true  distribution  of,  electrolyte  in  the 
cell. 


There-  definitely  seems  to  be  a correlation  betw.een 
electrolyte,  electrical  utilization  end  the  system. 

Like  I said,  I-'m  trying  to  be  very  brief,  so  thank 

you. 
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ACTIVE  MATERIAL  ELECTRICAL  UTILIZATION 


ELECTROCHEMICAL  DEPOSITION 
POSITIVE  ELECTRODE 
PERFORMANCE  TREND 
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